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Abstract

The influence of temperature in the range from 20 to 100 °C on the specific surface energy and frac-
ture toughness of standard silicon wafers of three orientations (100), (110) and (111) was studied. Sili-
con wafers were heated on a special thermal platform with an autonomous heating controller, which was
installed under the samples. At each temperature, the samples were kept for 10 min. The specific sur-
face energy vy after exposure to temperature was determined by atomic force microscopy (AFM). Frac-
ture toughness during and after exposure to temperature was determined by indentation followed by vi-
sualization of the deformation region using AFM. It has been established that the specific surface energy
v of Si wafers with orientation (100) and (111) increases with increasing temperature from 20 to 100 °C,
and for orientation (110) it increases at temperatures from 20 to 80 °C, and then decreases. The diago-
nal length d of indentation marks, performed both during the heating process and after heating, decreas-
es by increasing the temperature from 20 to 100 °C. The crack length ¢ decreases on silicon wafers dur-
ing indentation during heating from 20 to 100 °C, and after exposure to temperature, the length increases.
When the plates are exposed to temperature, the fracture toughness K~ increases with increasing tem-
perature: for orientation (100) — up to 1.61+0.08 MPa-m"?, for (110) — up to 1.60+£0.08 MPa-m"? and for
(111)— up to 1.66+0.04 MPa-m"*. A direct correlation was established between K, measured during
exposure to temperature, and an inverse correlation between K~ measured after exposure to temperature
and specific surface energy for the (100) and (111) orientations. An inverse correlation was obtained by
K, at the (110) orientation when exposed to temperatures of 20-40 and 80-100 °C, and after exposure,
a direct correlation was obtained. At 60 °C there is no correlation. The results obtained can be used to im-
prove the mechanical properties of silicon wafers used in solar cells and microelectromechanical systems
(operating at temperatures up to 100 °C).
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Baunsinne remmneparypsi ot 20 1o 100 °C
HA yIeJbHYI0 IOBEPXHOCTHYI0 YHEPTHI0
U BSI3KOCTH pa3pyllieHus MJIACTUH KPeMHMUS
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[IpoBenens! nccnenoBaHusd BIMAHUA TeMmmeparypsl B auanasone oT 20 go 100 °C Ha ynenbHyIo
MOBEPXHOCTHYIO DHEPTUI0 M BA3KOCTh pa3pyLIEHMs] CTaHAAPTHBIX IJIACTUH KPEMHHUS TPEX OpHEHTAIMH
(100), (110) m (111). IInacTuHBl KPEeMHUSI HarpeBaIN Ha CIEUUATBLHOH TepMOIUIaTPOpME C aBTOHOMHBIM
KOHTPOJUIEPOM HAarpeBa, KOTOPYIO yCTaHaBIMBAIM MOA oOpasusl. [lpu kaxmoil TemmepaType oOpasibl
BBIIEP)KUBAIHN B TeueHUH 10 MUH. Y enbHasi MOBEpXHOCTHAS DHEPTHUs Y TOCJIe BO3AECHCTBUS TEMIIEPATYPHI
ompeessIach METOI0M aTOMHO-CHIIOBOM Mukpockonuu (ACM). BsiskocTh pa3pylieHust BO BpeMs U MocIe
BO3/IEMCTBHS TeMIepaTypbl ONpeaessaach METOJOM HHAECHTUPOBAHHUS C TOCIEIYyIOIeH BHU3yaau3anuei
obmactu nepopmanuu mMeronoMm ACM. YCcTaHOBICHO, YTO ynenbHas MOBEPXHOCTHASI SHEPTHUS Y MIIACTHH
kpemuusi opueHtarmu (100) u (111) yBenuumBaercs ¢ yBenudeHweMm Temmepatypbl ot 20 go 100 °C,
y opuenrauuu (110) — yBenmumBaercs mpu Temmeparypax oTr 20 mo 80°C, a 3aTeMm CHHXKaeTcs.
JnuHa nuaroHanu d OTHEYaTKOB HMHICHTUPOBAHUS, BBINOJNHSAEMBIX KaK B TIPOLIECCE HArpeBa, Tak
U Ioclie HarpeBa, yMEHbIIaeTcs ¢ yBenmdeHueM temnepaTypsl oT 20 go 100 °C. [nuHa TpeuuH
C yMEHBUIAeTCs Ha IUIACTMHAX KPEMHHs INpPHU HMHIEHTHPOBAHMM BO Bpems HarpeBa oT 20 mo 100 °C,
a TI0Cie BO3JEHCTBHA TemImepaTypbl AJMHA yBeIW4YuBaeTcad. Bo Bpems BO3IEHCTBHUS TEMIIEPATyphl
Ha IUIaCTUHBI BSI3KOCTh pa3pylleHus K, yBEIMUUBAETCS C YBEIMUCHUEM TEMIIEpaTyphbl: A OPHEHTALUU
(100) — 1,61+0,08 MIla-m"?, st (110) — go 1,60+0,08 MIa-m"? u mst (111) — no 1,66+0,04 MITa-m'".
VcranosneHa npsmasi koppensauus K., U3MEpEHHOH BO BpeMs BO3AEHCTBUS TeMIepaTypbl, U oOpaTHas
koppensauus K;,, U3MEPEHHOU IOCIE BO3JEHCTBHS TEMIEPATypbl, C YAEIBbHOW IOBEPXHOCTHOH 3HEp-
rueit s opuenranuit (100) u (111). ObOpatHas xoppensuus K- ¢ y nomydeHa Ha opueHTanuu (110)
npu Bozaeiicteun Temmneparyp 20—40 u 80—-100 °C, a nmocne Bo3neicTBus — npsimast koppessust. [Tpu 60 °C
Koppesinuu HeT. llonmydeHHble pe3ynbTaTbl MOTYT OBITh WMCIOJB30BAHbBI Ul YIYUYLIEHUS MEXaHHMUECKHX
CBOMCTB KPEMHHUEBBIX IUIACTHH, HCIONb3YEMBIX B COJHEUYHBIX 3JIEMEHTAaX U MHUKPOIIEKTpOMEXaHHUecC-
KHX cucreMax (padoraronux npu Temreparypax go 100 °C).

KuarodeBble ciioBa: miacTUHBl KpEeMHHUA, TEMIIEpaTypa, BSI3KOCTh pa3pylICHHs, METOJ WHAECHTHUPOBAHMUS,
ATOMHO-CUJIOBAsi MUKPOCKOIIHS
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Introduction

Recently, there has been great interest in the
thermomechanical properties of silicon wafers [1]
due to their application in the production of solar
cells and MEMS operating at elevated tempera-
tures [2]. Under such operating conditions, the for-
mation of cracks, dislocations, and deterioration of
the characteristics of semiconductor devices can
occur [3]. Elastic-plastic transitions occur when ex-
posed to temperature in silicon [2, 4, 5]. In this case,
a change occurs from low-energy brittle fracture to
high-energy plastic fracture, which leads to a direct
dependence of the mechanical properties of single-
crystal silicon on temperature changes [2, 4, 5].

One of the important mechanical properties
characterizing the strength and resistance to cracking
in a material is the fracture toughness K, [6]. The
fracture toughness of single-crystalline silicon, de-
pending on the orientation, can vary significantly [7—
10] — from 0.60 to 3.30 MPa-m">. In addition to ori-
entation, the influence of temperature on the K. of
single-crystal silicon was established in [5, 8]. Thus,
in [5], a change in temperature from 25 to 300 °C
leads to an increase in the fracture toughness of
(001)-oriented silicon from 0.67 to 3.29 MPa-m'?.
In addition to orientation and temperature, fracture
toughness depends on the specific surface energy of
the material [11, 12].

The purpose of the work was to study the ef-
fect of temperature from 20 to 100 °C on the fracture
toughness and specific surface energy of silicon wa-
fers with (100), (110) and (111) orientations, as well
as to establish a correlation between fracture tough-
ness and specific surface energy.

Materials and methods of research

Standard single-crystalline silicon wafers with
(100), (110), and (111) orientations were used. The
plates were manufactured at the "Kamerton" (branch
of INTEGRAL OJSC, Belarus). Plate dimensions:
100 mm and thickness 0.5 mm.

Silicon wafers were heated on a special ther-
mal platform with an autonomous heating control-
ler (Microtest Machines ODO, Belarus), which was
installed under the samples. The temperatures for the
study were as follows: 20, 40, 60, 80 and 100 °C. At
each temperature, the samples were kept for 10 min.
During exposure to each temperature, indentation
was performed using a PMT-3M microhardness
tester (LOMO, Russia). A Vickers type tip (GOST

9377-81) was used as an indenter. The load on the
indenter was 0.5 N. Five indentations were made on
each sample. Indentation was also additionally car-
ried out at the same load after the samples had com-
pletely cooled.

Studies of the silicon wafers surface, the inden-
tation imprints morphology, determination of rough-
ness and adhesion force were carried out on a Di-
mension FastScan atomic force microscope (Bruker,
USA) in PeakForce QNM mode using standard sili-
con cantilevers MPP-12120-10 (Bruker, USA) with
a cantilever stiffness of 5.7 N/m. Surface roughness
was determined according to GOST R 8.700-2010".
After visualizing the indentation imprints, the diago-
nal length of the indentations d and the cracks length
from the center of the indentation ¢ were quantified.

Fracture toughness K~ was determined using
the formulas given in [13]. The choice of formula de-
pends on the value of c¢/a (crack length to the length
of the indent semi-diagonal) and the type of cracks
formed (median or Palmquist) [14, 15].

The specific surface energy (adhesion work)
was determined according to the formula [16]:

_Fu 1
"= onr M

where F,; is the force of adhesive interaction be-
tween the tip of the AFM probe and the surface, N;
R is the radius of the probe tip curvature, m.

The radius of the probe tip curvature R was esti-
mated using the reference sample RS-12M — a poly-
crystalline titanium roughness sample.

Specific surface energy y was determined on
all plates before and after exposure to temperatures
in the range from 20 to 100 °C by AFM on several
fields of size: 1x1, 3x3, 5x5, 10x10, 2020 and
30x30 um®. First, the adhesion force was deter-
mined, and then the specific surface energy was cal-
culated using Formula (1).

Results and discussion

The roughness (Figure 1) of the silicon wafers
surface varies in the range: from 0.3 to 2.5 nm for the

' TocymapcTBenHas cuctema 00ECIICUCHHS €IMHCTBA
n3Mepenuii. Meronuka u3mepeHuil 3()(GEeKTHBHON BbI-
COTBI IIEPOXOBATOCTH MMOBEPXHOCTH C IMOMOIIBIO CKaHH-
PYIOIIEro 30HIOBOIO ATOMHO-CHJIOBOTO MHKPOCKOIA:
I'OCT 8.700-2010. — Beea. 01.11.2010. — Mocksa: Ha-
nuoHanbHeI ctannapt Poccuiickoit @enepannu, 2010. —
12 c.

279



Tpubopul u memoowt usmeperutl
2023.T. 14. Ne 4. C. 277-283
V.A. Lapitskaya et al.

Devices and Methods of Measurements
2023;14(4):277-283
V.A. Lapitskaya et al.

(100) orientation, from 0.3 to 1.6 nm for the (110)
orientation, and from 0.3 to 3.6 nm for the (111) ori-
entation. The specific surface energy v of the surface
of the (100) and (111) orientation plates increases
with increasing temperature from 20 to 100 °C (Fig-
ure la, ¢). In this case, y for the (100) orientation

varies in the range from 0.276+£0.018 to
——30x30 20x20 ——10x10 555
ol
0.500 - 3x3 1x1 average
£ 0.400 -
Z
=5
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0.200 ; ; . ———
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Cc

0.409+0.033 N/m (Figure 1a), and for the (111)
orientation — from 0.254+0.016 to 0.273+0.007 N/m
(Figure 1c¢). For the (110) orientation, y of the sur-
face has a maximum at a temperature of 80 °C and
is 0.296+0.017 N/m, and at temperatures of 20 and
100 °C vy is almost the same and is 0.247+0.017 N/m
and 0.25740.005 N/m, respectively (Figure 15).
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Figure 1 — Dependence of specific surface energy (a—c) and surface roughness (d—f) of silicon wafers before and after
exposure to temperature in the range from 20 to 100 °C: a, d — Si wafer with (100) orientation; b, e — Si plate with (110)

orientation; ¢, f— Si plate orientation (111)

After visualization and quantitative determina-
tion of the indentation parameters (diagonals length
and cracks length), it was found that with an increase
in temperature from 20 to 100 °C, the length of the
indentation imprints diagonal, performed both dur-
ing the heating process and after heating, decreases

(Figure 2a, d). During heating, the values of the di-
agonal length d decrease from 10.21-10.57 pm to
9.85-10.07 um when the temperature changes from
20 to 40 °C. Further, the values practically do not
change and are in the range of 9.96-10.04 um (Fi-
gure 2a).
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Figure 2 — Dependences of the diagonal length (a, b), crack length from the center of the indentation imprint (b, ¢) and
the c/a ratio (c, f) during (a, b, ¢) and after (d, e, /) exposure to temperature

The diagonal of the indentation imprints after
heating decreases from 10.21-10.57 um to 10.21-
10.38 wm when the temperature changes from 20
to 40 °C (Figure 2d). In the temperature range of
40-80 °C it remains practically unchanged, and at
100 °C it decreases to 9.77-10.04 um (Figure 2d).

The crack length ¢ decreases on silicon wafers
upon indentation during heating from 20 to 100 °C
(Figure 2b). The c values for all silicon orientations
at 20 °C are in the range of 11.78-12.71 um (Fig-
ure 2b). Exposure to temperature causes the range to
decrease to 11.00—11.25 um. The length ¢ on silicon
watfers of orientation (110) and (111) after heating in-
creases at 100 °C to 12.13 and 13.71 pum (Figure 2e),

and on the (100) wafer it decreases to 11.25 um com-
pared to the value of 12.71 um at 20 °C.

The c/a ratio for all samples is above 2 (Fig-
ure 2¢, ). For samples that were indented during
temperature exposure, c/a is in the range of 2.30-
2.45 at 20 °C and decreases to 2.20-2.26 at 100 °C
(Figure 2¢). The c/a ratio for samples after exposure
to temperature increases from 2.30-2.45 at 20 °C to
2.40-2.75 at 100 °C (Figure 2d).

The fracture toughness K, increases with in-
creasing temperature from 20 to 100 °C while the
plates are exposed to temperature (Figure 3a).
For the (100) orientation plate, K, changes from
1.46£0.07 MPa-m'? to 1.61+0.08 MPa-m'?, for
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(110) — from 1.53+0.05 MPa'm'? to 1.60+£0.08 MPa'm"?
and for (111) — from 1.5240.03 MPa-m'? to
1.66+0.04 MPa-m'"? (Figure 3a). After exposure
to temperature, fracture toughness decreases with
increasing temperature (Figure 3b): for the (100)
orientation plate from 1.46+0.07 MPa-m'? to
1.34+0.03 MPa-m'”, for (110) — from 1.53+0.05 MPa'm'?

—e—Si(100) —e—Si(110) —e—Si(111)

to 1.39+0.05 MPa-m"? and for (111) — from
1.5240.03 MPa-m'? to 1.22£0.04 MPa-m'”,

The K largely depends on the crack length [15,
16]. It should also be noted that the K, value is in-
fluenced by the energy of crack propagation, which
in turn is related to the specific surface energy of the
material [11, 12].

—e—Si(100) —e—Si(110) —e—Si(111)

- 1.8 « L7
g g
o 1.7 8 1s
2V =¥
= 1.6 =
9 S 13
\Z 1.5 \Z
14 + T T T T T | 1.1 . : . r r )
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Temperature, °C Temperature ,°C
a b
Figure 3 — Dependences of K, during (@) and after (b) exposure to temperature
Table
Correlation coefficients between fracture toughness K, and specific surface energy vy
Kic
(100) (110) (111) (100) (110) (111)
during exposure to temperature after exposure to temperature
Y 1.0 -0.1 0.8 -0.8 -0.1 -0.9

The correlation coefficients Ccorr between frac-
ture toughness and specific surface energy of sili-
con wafers with temperature changes are given in
Table. A direct correlation was established (Table)
K, measured during exposure to temperature, and
specific surface energy for wafers (100) and (111) —
C.,,.» respectively are equal to 1.0 and 0.8.

The fracture toughness K,. measured after
temperature exposure is inversely correlated with
the specific surface energy of the (100) and (111)
orientation plates. If we determine C,,,, over the
entire temperature range from 20 to 100 °C for a
(110) orientation plate, then there is practically no
correlation between K- (both during and after ex-
posure to temperature) and y (Table). However, if
we consider the ranges before and after 60 °C, then
C.,, 1s equal to -1.0 (when exposed to temperature)
and C,,,, = 1.0 (after exposure).

The presence of a difference in the values of spe-
cific surface energy and K- at a temperature of 60 °C

may be associated with the appearance of an elastic-
plastic transition, the appearance of dislocations in
the lattice instead of cracks [17].

Conclusion

The specific surface energy and fracture tough-
ness of silicon wafers of three orientations (100),
(110) and (111) were studied during and after expo-
sure to temperatures in the range from 20 to 100 °C
using atomic force microscopy and the indentation
method.

Determined that the specific surface energy y of
the surface of the (100) and (111) orientation plates
increases with increasing temperature from 20 to
100 °C. The diagonal length of the indentation marks
(performed both during the heating process and after
heating) decreases by increasing the temperature
from 20 to 100 °C. The length of cracks on silicon
wafers decreases during indentation during heating
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from 20 to 100 °C, and after cooling, the length in-
creases.

The fracture toughness K. behaves similarly.
When the plates are exposed to temperature, the frac-
ture toughness K- increases with increasing temper-
ature: for orientation (100) — 1.61+0.08 MPa-m"?,
for (110) — up to 1.60+0.08 MPa-m"? and for (111) —
up to 1.66+0.04 MPa-m"2. A direct correlation was
established between K, measured during exposure
to temperature, and the specific surface energy for
the (100) and (111) orientations. K- measured after
temperature exposure is inversely correlated with the
specific surface energy of the (100) and (111) orien-
tations. An inverse correlation was obtained by K,
at the (110) orientation when exposed to tempera-
tures of 20—40 and 80-100 °C, and after exposure,
a direct correlation was obtained. At 60 °C there is
no correlation. The results obtained can be used to
improve the mechanical properties of silicon wafers
used in solar cells and microelectromechanical sys-
tems (operating at temperatures up to 100 °C).
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