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Statistical evaluation of morphological parameters of porous
nanostructures on the synthesized indium phosphide surface

A constructive method for estimating the surface morphology of nanostructured semiconductors, which con-
sists in determining the main statistical characteristics of the aggregate structure of nanoscale objects on their
synthesized surface is presented. In terms of the indium phosphide semiconductor with a synthesized porous
layer on its surface, it is shown that the evaluation of the main statistical characteristics allows a deeper un-
derstanding of the kinetics of the pore formation process during typical electrochemical treatment of the crys-
tal. The determination of the main statistical metrologically based characteristics (indicators of the distribu-
tion center, variation, and shape of the distribution) allows us to understand in more detail view the processes
occurring during electrochemical processing of crystals. In the long run, this will make it possible to create
nanostructures with predetermined properties, which will become the basis for the industrial production of
high-quality nanostructured semiconductors.

Keywords: synthesis, semiconductors, surface morphology, measurement, aggregate structure, statistical
analysis, indium phosphide, Imagel.

Introduction

Currently, nanotechnology is the industry demonstrating the fastest development rates. It is widely used
to create ultra-fast and super-powerful computers [1, 2], in electronics (lasers, photonics) [3], alternative en-
ergy [4, 5], information technologies (information transmission and storage) [6], environmental monitoring
(wastewater, air, soil) [7], as well as in a number of other utmost relevant applied aspects of science and
technology [8, 9].

The necessity for this is that nanomaterials are characterized, as a rule, by a much larger proportion of sur-
face atoms, which determine the dominant features of the physical and chemical properties of materials [10].
Thus, structuring the surface of semiconductors leads to an increase of their effective area by tenfolds, which
has an important practical consequence for improving the efficiency of photo-emmissive energy converters [11,
12]. In addition, quantum-dimensional effects begin to appear at the submicron level [13]. This property is pos-
sessed by quantum dots [14, 15], nanoconductors [16], nanowires [17], porous layers [18], etc.

In this regard, the synthesis of nanostructures with specified functional characteristics and, first of all,
controlled sizes of nanoobjects remains as a crucial problem in recent decades. This is emphasized in
such program documents as «Strategic Research and Innovation Agenda for Nanomedicine, European Tech-
nology Platform on Nanomedicine, 2016-2030» [19], «EU US Roadmap Nanoinformatics, 2017-2030»
[20], «Continuing to Protect the Nanotechnology Workforce: NIOSH Nanotechnology Research Plan for
2018-2025» [21].

The complexity of solving this problem is due to the fact that two competing mechanisms always oper-
ate during the formation of surface nanostructures: the nanostructures generation with specified properties
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[22] and the self-organization of nanoobjects [23]. Overcoming this contradiction is possible only with a
complete, detailed analysis of the statistical characteristics of the synthesized surface morphology, the most
promising tool for which is the analysis of microscopic images of the surface of nanomaterials using statisti-
cal methods [24].

The article presents the results of representative metrologically based studies of the surface morphology
of a nanostructured semiconductor, namely, the establishment of statistical characteristics of the pore distri-
bution over diameter in a typical process of nanostructure synthesis, which, along with previously obtained
results of the trend of their dependence on etching time [25], allows creating crystals with a predetermined
aggregate structure.

Methods and materials

The surface morphology of a nanostructured semiconductor during its synthesis was studied experimen-
tally on the example of a sample of n-type single-crystal indium phosphide (por-InP) with surface orientation
(111) [26]. Porous surface layers of indium phosphide were obtained by typical electrochemical etching of a
sample in a hydrochloric acid solution (10H,O+1HCI). The etching time t=20 min, current density of
j =150 mA/cm’. Plates of indium monocrystalline phosphide were polished before etching and cleaned with
alcohol and vinegar. The pores on the plate were formed in a standard electrolytic cell with platinum at the
cathode [27]. After this they were dried in air and subjected to short-term drawing in a nitrogen stream to
stabilize the properties. The morphology of the synthesized nanoobjects was studied using a JEOL-6490 ras-
ter electron microscope with a resolution of up to 3.0 nm, accelerating voltage (0.3-30) kW; magnification
from x5 to x300,000; types of contrast (secondary and reflected electrons): topographic, compositional, and
shadow.

For representativeness of the experiment, 10 crystal plates were examined and 5 observations of the
morphology of nanoobjects on the surface of each sample were made, the results of which were within the
limits of confidence intervals of + 5 % for the measured value P = 0.95.

Raster processing of photomicrographs under surface analysis based on selected morphological charac-
teristics was performed using the ImageJ program. Statistical processing of results was performed using the
Origin Pro program.

The main tasks of analyzing photomicrographs of the surface of nanostructured samples are:

- statistical processing of the obtained in the measurement process of objects parameters;

- determination of the average values of the values obtained;

- the construction of graphic dependences for visualization of the analysis process.

A two-dimensional image, obtained using a microscope, in a certain approximation could be considered
as a matrix, the indexes of which describe the numbers of rows and columns, and the numerical values of
elements characterize the color intensity. The main parameter that characterizes a digital image is its resolu-
tion (the number of pixels in the original image and the color depth).

The morphological parameter used for the analysis is the average pore diameter, despite the fact that the
pores have a cone shape-the diameter of their Don is less than the diameter of the surface section, for sim-
plicity of research, but without losing the generality and correctness of the results obtained, it was considered
that they have a cylindrical shape in the lumbar section.

For statistical estimation of the pore distribution by diameter the values of the indicators of the average
diameter series in ascending order were ranked and sorted. To estimate the distribution series the main statis-
tical indicators of the distribution center are found: the mode, median, and simple arithmetic mean of its val-
ue, as well as indicators of variation in the pore distribution series over the diameter. The change in the varia-
tion of the distribution of the series over the diameter in the aggregate was carried out using absolute and
relative indicators, which were determined by calculating the asymmetry coefficients, Pearson, and the ac-
cess indicator.

Results and Discussion

Figure 1 shows a typical micrography obtained using a microscope of the studied fragment of one of the
samples. Visual analysis of photomicrograph shows that the synthesized surface of indium phosphide is
densely covered with pores. The pores shape the tracks. The nature of these tracks are micro-scratches on the
surface of the plate [28]. They can also be caused by uneven impurity distribution and the crystallographic
orientation of the semiconductor plate [29]. Along the track line, the pores tend to merge and form long
channels [30]. Isolated pores are mostly cylindrical in cross-section. Some areas have massive etched pits,
the appearance of which is most often associated with the release of dislocation to the surface [31, 32].
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Figure 1. Morphology of por-InP:

Figure 2 shows the raster processing of microphotograph performed in the ImageJ program. To increase
the contrast of the pore borders, a Bandpass filter based on Fourier transform is used allowing to remove
both high and low spatial frequencies in the image [33]. The Watershed algorithm is used to separate adja-
cent crystallites and pores with indistinct boundaries [34].
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Figure 2. Results of processing a microscopic image of the sample surface using the ImageJ program
a) after the binarization process, b) after using the Watershed algorithm

For the studied sample fragment the number of pores was calculated (there were 558 of them) and their
size distribution Ry = [d i, dmax] (Fig. 3), where N = 6 is the number of distributions, dn, and dp.x are the min-
imum and maximum pore diameter in microns. For statistical estimation of the pore distribution by diameter it
is necessary to rank and sort the value of the indicators of the average diameter series in ascending order.
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Figure 3. Histogram of pore distribution by size

To estimate the range of pore diameter distribution by size the above-mentioned indicators were defined
as follows.
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Indicators of the distribution center. This class of indicators includes: the simple arithmetic mean of
pores — (d ); the most common value of the average diameter — the mode ( M, ) and the diameter value that
falls in the middle of an ordered population — the median (A, ), which serves as a good characteristic in an

asymmetric distribution of data, because even in the presence of outliers of data it is more resistant to their
influence. In symmetric distribution series the values of the mode and median coincide with the average pore
value [35]:

d =M,=M,, (1)
and in moderately asymmetric ones, they correlate as follows [36]:
d-M))~d-M,. )

The indicators of the distribution center obtained from the results of the performed studies are presented
in Table 1.

Table 1
Indicators of the distribution center of a number of pore diameters

Indicator Identification Value, pm

Arithmetic mean of the "
. & -2 0.0683

diameter, d .
Mode, M, The most common diameter value is the number of repetitions f = 86 0.07136
Median. M the value of the diameter that divides the sizes of the pore distribution

> Me . . . 0.07136

series by diameter into two parts

Thus, you can state that the mode and median of the series coincide, but exceed the average value. Such
a series is considered conditionally symmetric.

Variation indicators. This class of indicators is presented in Table 2. Its study is of great practical
importance and is a necessary component in the variational analysis. This is due to the fact that the av-
erage, being equal in effect, performs its main task with different degrees of accuracy: the smaller the
differences in individual values of the attribute to be averaged, the more homogeneous is its total value,
and, consequently, the more accurate and reliable the average value is, and vice versa [37]. Therefore,
by the degree of variation, we can judge the variation limits in the pore diameter, the homogeneity of the
total value of diameter values.

Table 2
The variation indicators of the pore distribution series by the diameter
Indicator | Identification | Formula | Value
1 | 2 | 3 | 4
Invariable indicators of variation
oy Difference between maximum and minimum 0.156407
Variation span, um . R=d_ —d_
pore diameter values max  “'min 4
Arithmetic mean from absolute divergences of - Z‘ d— 3‘ f
Mean deviation, pm’ individual pore diameter values from the overall D=—"_—" 0.0222
average Z /
The arithmetic mean of the deviation squares of Z( d _3)2 f
Dispersion, pm’ each pore diameter value from the arithmetic o= 7 ° ] 0.000821
mean value Z /
Mean square deviation, pm STD o =,/0? 0.0286
—\2
Fixed dispersion, pm’ Capable estimate of the variance §2 = Z(d’ _d) 0.00552
n—1
Estimation of the mean square . B
" The square root of the fixed variance s= \/s_ 0.0743
deviation, um
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1 | 2 | 3 | 4
Relative indicators of variation

Measure of the relative spread of total values: o

Coefficient of variation, % shows what percentage of the average pore di- V=— 41.92
ameter is its average spread d
Characterizes the proportion of the average val- D

Relative linear deflection, % ue of pore diameters of absolute divergences K,== 32.48
from the average quantity d

In Table: f— the sum of the frequencies of variation in the series, and n — the number of features.

Thus, the results of these studies allow us to conclude that since the coefficient of variation is greater
than 30 %, but less than 70 %, there is a moderate variation in the pore diameters of the synthesized semi-
conductor surface.

Indicators of the distribution form. One of the main characteristics of the distribution form is its sym-
metry, that is, when the frequencies of any two variants equidistant on both sides of the distribution center

are equal to each other; in any other case, the distribution is considered unbalanced. The criterion for the de-
gree of symmetry of the distribution is the asymmetry coefficient [38]:

LM

$3 3)
where M3 is the central moment of the third order of the pore diameter distribution series, s — mean-square
deviation.

The central moments of the pore distribution series by diameter calculated from the results of the meas-
urements performed are shown in Figure 4.
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Figure 4. Diagram of the central moments distribution to determine
the significance of the skewness of the pore diameter distribution series

It is determined that in our case 4; = 4.254, which indicates that there is a right-sided asymmetry in the
resulting distribution.

The significance of the skewness indicator was determined using the mean square error of the skewness
ratio [39, 40]:

_ 6(n—2)

(n+1)(n+3) '

s As

“4)
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In this case it is considered that if |4 |/s, <3then the asymmetry is insignificant, its presence is ex-
plained by random circumstances. If |4, |/s,, >3, then the asymmetry is considered significant and the distri-
bution of the feature in the general population is not symmetric.

As a result of the analysis of the measurements performed it was found that S, = 0.171, i.e.,

AS
distribution: larger pores predominate in this fragment of the porous surface, and pores with dimensions
smaller than the average diameter are much rarer. This correlates with the previously obtained result [25]: the
number of pores and their size distribution depends on the time of crystal etching — the longer the pro-
cessing of the crystal, the greater the number of primordial pores will appear on the surface. In general, the
effect of the synthesis time (t, min) on the size (¢, pm) of the pore mass of the corresponding trend equation
has the following form [25]:

s, =4.254:0.171=24.93> 3, and it can be argued that in the study there is a significant asymmetry of
/544 , gu y g ymmetry

d=0.143F +4.447 t— 10.779. (5)

Obtained structural skewness indicators allow us to assess the skewness only in the central part of the
distribution, that is, in the main mass of sizes, where they do not depend on the boundary values. However,
despite this, such characteristics are an important element in the analysis of the pore distribution by size, as
they help to analyze the main mass of the pores, and do not take into account those pores that are unprovable,
such as germ pores, which are still very small in size, and massive pores, which are classified as etching pits,
resulting from the digestion of surface defects and dislocations in a typical method of electrochemical syn-
thesis.

Conclusions

Experimental studies of the surface morphology of nanostructured semiconductors are carried out on
the example of a synthesized porous layer on an indium phosphide crystal. Representative metrologically
capable results were obtained using the most efficient modern software tools for analyzing microscopic im-
ages and statistical methods.

As a result, the characteristics of one of the main parameters of the aggregate structure of the synthe-
sized porous layer are determined — the pore diameter distribution on semiconductors during their electrical
etching, namely the median (M,= 0.07136 pm), mode (M, = 0.07136 pm) and the arithmetic mean diameter

(d=0.0683 um), on the basis of which it is concluded that the pore diameter distribution series is condition-
ally symmetric.

This variation was found to be moderate. Structural indicators of skewness allowed us to establish an
important element of the pore growth mechanism which correlates with previously obtained results [25] —
the longer the crystal is processed, the greater the number of primordial pores will appear on the surface, the
greater the pore size spread.

Thus, the presented methodology can become an effective tool for the characterization of porous
nanostructures on the crystal surface, and the results obtained are an important link in the structural analysis
of nanostructured semiconductors. In the future they can ensure the formation of nanostructures with adjust-
able properties and quality levels, which is a solution to a complex technological problem of our time.
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H.N. Kocau, B.b. borsmaxkos, 11.T. bormanos, SI.A. CeraukoBa

HNuamii pocuninin cuaTe31€JTreH 0eTiHaeri KeyeKTi HAHOKYPbLIbIMIAPAbIH
MOP(}OJIOTHSJIBIK apaMeTPJIePiH CTATUCTHKAJIBIK 0araJiay

HaHOKypBUIBIMIBI JKapThUIail OTKI3TilTepaiH OeTTik MOpP(OJIOTHICHH OaranayqplH KOHCTPYKTHUBTI 9ici
YCBIHBUIFaH, OJI OJIAp/bIH CHHTE3/eIreH OeTiHaeri HaHOeeM i 00beKTIIePIiH JKUBIHTHIK KYPbUIBIMbIHBIH
HETi3rl CTaTUCTUKAJIBIK CUIaTTaMalapblH aHBIKTayJaH Typajabl. beriHae cMHTe3nesreH Keyekri KabaTel 6ap
uHIUH GocduATi KKapThUIAll OTKI3MILITIH MBICATBIH NalJalaHblll, HEri3ri CTaTUCTHKAJBIK CHUITaTTaMalapibl
Garasiay KpUCTAJIBI 9JCTTEr] ICKTPOXUMUSIIBIK OHICY Ke3iHIe KeYeKTep/i KaJbllITacThIpy MPOLECIHIH K-
HETUKAaChlH TEpeHIpeK TyCiHyre MyMKiHAIK Oeperinairi kepceTinreH. Herisri  cTraTHCTHKAIBIK
METPOJIOTHSUIBIK HET13/IeNIeH CUITaTTaMaliap/ibl aHbIKTAY (Tapaly OpTaNIbIFBIHBIH KOPCETKILITEP], BAPUALIMSACHI
KOHE Tapaiy GopMacsl) KpUCTANIAPAbl DICKTPOXUMHUSIIBIK OHICY Ke3iHe 60JaThIH IPOLECTEPIl TONBIFHIPAK
TyciHyre MyMmKiHIik Gepeni. bonamrakra Oyt aniblH ajna aHbIKTaIFaH KacueTTepi O0ap HaHOKYPBUIBIMIAP.IbI
KYpYyFa MYMKIiHIiK Oepe/i ®KaHe jKOFapbl canajibl HAHOKYPBUIBIMIBI )KapThulail OTKI3TiIITepaiH OHEPKICIITIK
eHipiciHe Heri3 6onabl.

Kinm ce30ep: cunte3, xapTbulail eTkisrimrep, 6eTTik Mopdonorus, ejmemzaep, arperaTThlk KYpbUIBIM,
CTaTHCTUKAJIBIK Tayay, nHaui Gpocduai, Imagel.

H.U. Kocau, B.b. boasmiakos, 1. T. bormanos, S1.A. CeraukoBa

Cratuctuyeckasi oneHKa Mop¢o10ru4ecKux nokasareeil NopucTbIX
HAHOCTPYKTYP HA CHHTE3MPOBAHHOM MOBEPXHOCTH (pochuia uHaus

IIpencraBiieH KOHCTPYKTUBHBIA METOA OIEHKH MOP(OJIOrHH MOBEPXHOCTH HAHOCTPYKTYPHUPOBAHHBIX IIOITY-
TIPOBO/IHUKOB, KOTOPBIH 3aKJIIOYACTCSI B ONPENEIICHUH OCHOBHBIX CTATHCTUYECKHX XapaKTEPHCTUK arperat-
HOU CTPYKTypHI HAaHOpPa3MEpHBIX 00BEKTOB Ha MX CHHTE3MPOBAHHON moBepxHocTH. Ha mpumepe momympo-
BOJHUKA (hochuaa UHANS C CHHTE3HPOBAHHBIM IIOPUCTBIM CIIOEM Ha €r0 IIOBEPXHOCTH MOKA3aHO, YTO OI[CHKa
OCHOBHBIX CTaTHCTHYECKHX XapaKTEPUCTHK IMO3BOJISIET TIIyOke MOHATh KMHETHKY Mpoliecca MopoodpazoBa-
HHS [IPU TUITMYHOM 3NIEKTPOXUMUYECKOH 00paboTke kpucramna. OnpeneneHne OCHOBHBIX CTaTHCTHYECKHX
METPOJIOTHYeCK 000CHOBAHHBIX XapaKTEPUCTHK (MOKa3aTeNlel LEHTpa paclpeaeieHus], Bapuauui 1 GopMbl
pacrpe/eneHns) Mo3BoisieT 0ojee JeTalbHO MOHSITH MPOIECCHI, TPOUCXOASAIINE BO BPEMs 3IEKTPOXUMHYE-
CKOI 00pabOTKM KPHCTAIIO0B. B mepcneKkTiBe 3TO MO3BOJUT CO3/[aBaTh HAHOCTPYKTYPHI C 3apaHee ONpere-
JICHHBIMHU CBOMCTBaMH, CTaHET OCHOBOH JUISI IPOMBIIIJIEHHOTO M3TOTOBJICHUSI HAHOCTPYKTYPHPOBAHHBIX I10-
JIYTIPOBOJHUKOB BEICOKOTO YPOBHS Ka4eCTBa.

Knioueswvie cnoga: cunTes, MOIYNPOBOAHUKH, MOP(OJIOTHS TIOBEPXHOCTH, H3MEPEHUSI, arperaTHast CTpyKTypa,
CTaTHCTHYECKHH aHaM3, pochun namus, Imagel.
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