Microstructuring of silicon crystal surface for
solar cell application
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In this paper we developed mechano-chemlagaethods of structuring the surface of crystals S{100) for use as
substrates for solar cells.lt was found that from all studied mechanical methds the 'scratching’' one is more
acceptable and chemical treatment regimen (KOH(10%MH,0(90%), T=350K) was found to be the most effective

for creating the microstructured surfaces.
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Introduction

Silicon is widely used in the manufacture of
integrated circuits, microelectromechanical systems
optoelectronic devices. Today silicon is widelydséd in
terms of mechanical behavior with purpose of deeper
knowledge of the processes that occur under mecdlani
actions in the process of manufacture and operaifon
devices based on it. In recent years more atteigipaid
to change monocrystalline silicon under the actain
concentrated load (nanoindentation and microindiemp
to create special structures and functional susfates].

The structuring of the Si substrate surface isiedrr
out in order to increase the active surface are@hwim
turn serves to raise the efficiency of solar cbbsed on
Si [4]. Frequently the structurization is produceg
photolithography or laser texturing assisted byncical

To create the active microstructuring surface of
semiconductor materials with subsequent applicaiion
solar cells, a special mechanical and chemicalnigcles
have been applied: sclerometric nanoindentation
("scratching™), "imprinting”, blasting, various hbological
regimes in combination with selective chemical
treatment. Detection the fine structure of the male
under study was performed using light microscopy)L
(Amplival, XJL-101, MIl4) and atomic force microgup
(AFM). In order to obtain the structured surface; b
forming the dislocations and other defects (micro-
nanocracks) created in Si single crystals usingatiave-
mentioned methods, the selective chemical treatmuight
various reactives has been applied (Table).

Given the fact that in Si crystals the dislocatians

treatment. However, these methods are expensive andsedentary (almost fixed) at room temperature, thistals

time consuming to obtain special relief surfaces. |
requires the application of additional researcfirtd new
technologies faster and less expensive.

In view of the above, in this paper the problem of
raising the efficiency of solar cells based on & heen
focused on using technology to produce the surface
microstructures by micromechanical deformation pt@
subsequent chemical treatment.

Experimental

Nanoindentation technique was used toalloc
deformation of Si, plane (100), the n-type dopedhwi
phosphorus and having resistivity of 26m. To perform
local deformation the Nanotester PMT3-NI-02 and
microhardness tester PMT-3 devices were used. The
Nanotester apparatus PMT3-NI-02 is equipped with
Berkovich trihedral diamond pyramid (the angle bestw
the side and axis is 65°). The dynamic nanoindiemat
method is conducted no "post factum”, as it takasepin
case of quasistatic microhardness testing, butreinge
the dynamic load by recording deepening indemits i
the material tested [5]. The quasistatic microiridéon
was performed with Vickers indenter, the angle leerv
the sidesn = 136 °. Loads applied to the indenter varied
fromP = 0.01N up td® = 0.5 N.
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were exposed t@nnealing at T = 700°C during 1 h to
increase their mobility after plastic deformation.

Table.The chemical composition of reagents and
chemical treatment regimes of the Si(100% g

Nr | Etchant Etching Tempe-
time rature
1 1p.KCr,0Oq(sol.conc.) +| 5s T
2 p.H,O+ 3p.HF
2 (25 mg KCr,O; +50 ml 5s 100°C
H,0)+ 2p.HF
3 (25 mg KCr,O; +50 ml 25s 40°C
H,0)+ 2p.HF
4 40%KOH:60%HO 5s 100°C
5 30%KOH:70%HO 30s 100°C
6 20%KOH:80%HO 10min| T
7 20%KOH:80%HO 10 min | 40°C
8 10%KOH:90%HO 72h T
9 10%KOH:90%HO 15 min | 50°C

Results and discussions
First, using the "scratching" (sclerometric nanod a
microindentation), it was investigated the influenof



different factors, such as strain rate, the indente
displacement relative to the geometry, the valughef
load on the microstructuring mechanism in the deta
zone of monocrystalline silicon with the aim of &ppg

in solar structures.

() theinfluence of the strain rate

Three deformation rates (v), namely 40a66 100
um/s, were applied on the Si(100) samples, for track
production by the sclerometric nanoindentation ettt
was found that the deformation at higher speedatese
scratches (“tracks") smooth, without damages. Lower
speeds instead form some tracks accompanied biebrit
separations of the material. As the most suitajpéed for
the silica surface structurization was selected50am/s,
on the one hand, the tracks being more pronourmed,
the other hand, free from the fragile damage.

(ii) influence of the indenter moving direction relative to
indenter geometry on the track microstucture

To detect the influence of movement ditti
relative the indenter geometry on the track miarcistre
two kind of tracks were made: by side of the indent
(Fig. 1a) and by indenter edge (Fig. 1b).
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Fig. 1. LM. Shape of tracks created by two methods:
a — by side of indenter; b — by indenter edge

As shown in the pictures, the track fromving
pyramidal indenter “face forth” is accompanied byren

pronounced damages than at the edge deformation

(compare Fig. 1a and 1b).

(iii) the influence of load value on microstructuring
mechanism of deformed area

The value of the load applied to the indens an
important factor which can influence the mechanisim
deformation processes involving movement of the
material at various levels: atomic (interstitiahgticity),
dislocation plasticity, phase transfer, discontunsidrittle
fracture. To follow these processes with load iase
tracks with different values ¢f, mN: 3, 4, 5,6, 7, 8, 9, 10
and 20 were performed on the nanotester and 106@B0,
on the microhardness tester.

Fig. 2. LM. Images of tracks performed on nanoteste
with different loadsP,mN: 3, 5, 7, 20 (from left to right
respectively)
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The tracks of nanotester were plotted ialel rows
along the direction <100> (Fig.2) and the number of
tracks in the form of parallel lines along the two
perpendicilar directions <100> and <110 >, as vadting
the <100> direction the tracks were made using the
microhardness tester. The load increase leads ¢o th
drawing of the destruction mechanism into the track
deformed zone. It was shown the damage begin teaapp
at loadsP = 20mN (Fig. 2). This load may be considered
critical above which it is not recommended to perfo
tracks with Berkovich pyramid. Experiments havevsho
that the tracks made by the Vickers pyramid, havirage
obtuse tip of angle than the Berkovich one, are no
damages up tB = 50mN.

(ivy the track topography influence on
microstructure obtained after chemical treatment
The next phase of investigations consistetd

structurization of the zone track surface. It i®kn [6,7]
that the structural defects formed in regions ofsien
from the surrounding of tracks (scratches) due he t
chemical treatment can create a specific three-
dimensional structure leading to the modificatioh o
reflection degree of the crystal surface, respebtivto
improvement of the solar cell volt-ampere charasties.

the
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Fig. 3. LM, Si(100). Images of Berkovich tracks dref
(a,c) and after (b,d) chemical treatment. a,b +mN) 50

um/s; c,d — 20 mN, 50m/s

Reagent 1 (see Tab.) was used to obtainethre
dimensional images of chemical treatment around the
tracks. The tracks, which were plotted with lowead
(10 mN), after chemical treatment form quadrilatera
prismatic figures (Fig. 3 a,b), while those depsiby
higher load (20 mN) create the inverse quadrilhtera
pyramids (Fig. 3 c,d).

Tracks formed on the microhardness testeth wi
various loads had slightly another pattern, thended
prism-shape or the shape of an irregular quadrdate
dimensional inverse semiprism more or less deep, in
dependence on the load value (Fig. 4a).

Fig. 4. LM. a — image of tracks, plotted on thewsih
Vickers indenter, after chemical treatment (P=10)mN

b — image of Si surface, deformed by corundum
micrograins, after chemical treatment



Tridimensional structures became deeper facks
made with heavier loads. However, it is charadierisf
all the images that they have the form of truncatedrse
prisms with the plate base. Similar figures weramied
by deformation with micrograins of corundum (Fidp)4
In addition to the above-described deformation mesh
other mechanical means of structurization were iagpl
such as the arbitrary movement of abrasive paper
(sandpaper), unilateral motion along the directdQ0 >
or <110>, and movements in the form of a grid altmg
direction <100> and <010>.

The surface pattern obtained by arbitraryimg was
studied at first without chemical treatment in eefion
and interference regimes of light microscopes. #sw
found that the depth of the tracks is less than 860
After chemical treatment the surface assumes more
pronounced lines formed of point etching pit. Mo
of the crystal with a greater force creates a puoced
relief formed of prismatic or oval trudimension@jures
preferably oriented in the directions <100>.

(v) selection of the efficient chemical treatment regime
for Si surface structuring

Note that the deformed surface topographyaiious
ways, discussed above, and subjected to chemical
treatment using reagents 1-7 of Tab. 1 has a common
structure characterized by the appearance of three-
dimensional spatial inverted trapezoids havinggutar
arrangement on the surface or orientation <100g. @h).

As shown in [6,7] such type of spatial stanes
fabricated on the Si surface are welcome for setargy
that increase the efficiency of solar cells by al#% and
improve other parameters such as short circuiteotirr
density, voltage open circuit, fill factor.
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Fig. 5. LM. Dependence of value of chemical treatme
figures on the density of surface defects createdhe
Si(100) plane. a, b — defects rarely distributed tba
crystal surface; c-e — defects densely packedrasudt of
deformation with: ¢ — abrasive paper; d — diamond
powder and e — sandblasting. The duration of chamic
treatment = 48h using the reage®

At the same time, it is expected that thirsoell
parameters could be improved in the future by argat

spatial structures having the form of inverted pyids
with sharp tip. To this end our research were o in
terms of modification of chemical agents and the
treatment regime of deformed silicon surfaces.

After multiple test choices reagefit was selected
which gave quite right results (Tab.1). In thisgeat the
concentration of water solution of potassium hyitex
was reduced compared to compositighg. Now 10%
KOH and 90% HO was taken for compositid

As a result of crystal treatment with this qmsition,
the etching pits got the shape of quadrilateralerss
pyramids sharp at the top. However, the reactita \neas
too low. The rectangles pyramids of tridimensiosizpe
appeared only after over 36-48 hours of chemidalckt
(Fig. 5). Inverted pyramids still large and wellagled
were formed after 72 h chemical treatment (Fig. 6).
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DATE: 04/18/14
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Fig. 6. LM (a-c), SEM (d)Images of etching pits created
on the surface of Si (100) crystal by use the ea&gjof
Tab. 1,t = 72h. Tracks made witP, mN: a - 5; b - 10

The large dimensions have the isolated defat the
crystal surface (Fig. 6 c). But as the density efedts
increases, the figure size becomes smaller (Fi). &his
result shows that to achieve maximal effect ofcéfficy
of solar cells it is necessary to establish theinugdt
density of surface defects on the crystal and kecs¢he
final chemical treatment regime.

Spatial structures must possess optimal $ore
regular coverage of the surface. The size of these
structures can be as follows: basic dimensions &F15)
um; depth ~ (1-3)um. However, duration of chemical
treatment about 70 hours is too long to achievé sage
structures.
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It was attempted to reduce the time to buklidse
structures by increasing the reaction rate. Witks th
purpose we have gone the way of raising the tenyrera
of the reagent. Different temperatures have bestede
and as the most suitable temperature of 50°C was
selected. The composition of etchant was found as
10%KOH:90%HO. The duration of the reaction at this
temperature was found to be 10-20 min. As an exampl
the spatial structures obtained by applying theeat9
on the Si(100) surface without anypreliminary
mechanical deformation are presented in Figs. 7, 8.

SEMMAG: 9.81kx  DET: SE Detector
4

HY: 300KV DATE: 04/18/1. 10 pm

SEM MAG: 420kx  DET: SE Detector
HY: 300KV

DATE: 04/18/14

Fig. 7. SEM (a,b), AFM (c). Images of etching piteated
on the surface of Si (100) crystal by use the eatg of
Tab. 1;t, minia—10; b,c-15

Thus, images of structures in Figs. 7 8rmghow us
that using reager@ Tab. 1 and modeling spatial structures
of required shape and density by changing the teaye
and reagent concentration can be obtained thetsieat
surfaces on the plane (100) of the Si crystals wittpose
of their application in preparation of the solaticeThe
proposed method has a great advantage over alheof t
above discussed methods, because it is charactebige

great simplicity and cheapness. It does not required:

mechanical pretreatment of the silicon surfacet has the
combined properties of the polishing solution, aad
selective etchant, forms a uniformly structuredaue (see
Figs. 7c and 8b) that will efficiently affect theflectivity

of the silicon crystal when used as substratesdtar cells.
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Fig. 8. LM (a), AFM (b). Images of etching pits ated on
the surface of Si (100) crystal by use the reagexft Tab.
1;t=20min
Conclusions

To create the microstructured surfaces of
semiconductor materials with subsequent applicaiion
solar cells, we put to the test some special mexhan
chemical  techniques: sclerometric nano  and
microindentation ('scratching’), "imprinting", btam,
and various tribological regimes in combination hwit
selective chemical treatment. It was found that the
'scratching' in combination with subsequent chemica
treatment is the best from all studied mechanicathods
and regime of chemical treatment (10%KOH:90%H20,
T=350K, with or without any preliminary mechanical
deformation) was found as the most effective feating
the structuring surfaces. The developed in prepaper
modes of the surface structuring of Si crystals eélp to
increase the efficiency of solar cells.
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