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Nanoindentation Creep Behavior of Single-Crystal Bi,Se;

Topological Insulator

Utku Uzun * Caterina Lamuta, and Mehmet Yetmez

A single-crystal Bi,Se; topological insulator is fabricated using the Bridgman—
Stockbarger method. The crystal structure and atomic lattice parameters are
identified by X-ray diffraction analysis. The nanoindentation size effect on creep
displacement, activation volume, and strain rate sensitivity (SRS) with different
maximum holding loads between 1000 and 5000 pN is investigated using depth-
sensing nanoindentation. Furthermore, the effect of the loading rate on the
steady-state creep displacement and SRS is analyzed and discussed. Results
show Bi,Se;’s low resistance to plastic deformation and a significant increase of
creep displacement with increasing holding load and holding rate. Additionally,
creep strain rate, activation volume, and SRS are also calculated from the
secondary stage creep, and results are compared with those of other flexible

electronic materials.

1. Introduction

Topological insulators (TIs) are a novel class of advanced
materials that behave as electrical insulators in the bulk and
can conduct electricity on their surfaces or edges."? TIs can hold
Majorana fermions (i.e., particles that act as their own antipar-
ticles and can be used as qubits or individual computational
parts). A qubit is thought to be made up of combinations of
Majorana fermion pairs, each of which will be separated
from its partner. If one member of the couple is affected by
noise-induced errors, the other remains unaffected. In other
words, it should preserve the integrity of the qubit and
ensure that it performs a calculation correctly in a way that
is least affected by these errors.>* This unique property
has made TIs the number one candidate for high-tech applica-
tions, such as spintronics® and quantum computers.
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Bismuth chalcogenides such as bismuth
telluride (Bi,Tes)”! and bismuth selenide
(Bi,Ses)® have been recently identified as
promising TIs due to their topologically
protected surface states. However, due to
the high cost and toxicity of tellurium,
Bi,Se; represents a more versatile TI,
and has been the focus of several
scientific studies in the past decade.
Although several works have been
proposed to study the physical and
electrical properties of Bi,Ses, %!
studies on the mechanical properties of
Bi,Se; remain limited. Lai et al.l'Z
measured the hardness and Young’s
modulus of Bi,Se; thin films and dis-
cussed the interplay between plastic
deformation and pop-in behavior. Gupta
et al.l'¥ investigated both the thermal and the mechanical
behavior of single-crystal Bi,Se; and concluded that high-
quality single crystals present lower hardness and Young’s
modulus values than polycrystalline samples. Their results
were confirmed by Yan et al.,l'* who observed that relatively
large crystal defects can have a detrimental effect on the
mechanical properties of Bi,Se;.

No literature works have been proposed to study the time-
dependent mechanical behavior of the bulk single-crystal
Bi,Se;, which represents crucial information for the design of
Bi,Se;-based devices, such as field-effect transistors,* solar
cells,"® and metaphotonics.'”! The time-dependent deformation
of materials under constant stress, known as creep, provides
information on the material’s behavior under long-term static
loads!™® and allows the designer to predict the redistribution
of internal forces that can lead to potential failure.™”

In this study, the creep behavior of a 3D bulk single-crystal
Bi,Se; TI, grown by the Bridgman-Stockbarger method, is inves-
tigated for the first time by using depth-sensing indentation
(DSI). Contrary to conventional creep tests performed using
conventional uniaxial tensile testing machines which are only
suitable for macro-scale samples, DSI is able to measure the
mechanical properties of thin films and small samples at the
nano-scale and micro-scale by monitoring the penetration depth
and the applied load of a diamond tip that penetrates the
material’s surface.”” The small-scale and localized nature of
DSI measurements, not affected by the influence of macro-scale
defects, represents a great advantage for the study of single
crystals’ properties.[2!]

A wide range of loading rates (between 55.55 and 1000 uN s %)
was applied to study the creep behavior of Bi,Se; at room
temperature, and different time-dependent properties such as
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creep displacement, activation volume, and strain rate sensitivity
(SRS) were measured and compared with those other flexible
electronic materials.

2. Experimental Section

Bi,Se; single-crystal samples were grown using the Bridgman—
Stockbarger method.!*? The starting polycrystalline sample, syn-
thesized from high-purity (99.999%) elements, was placed in a
quartz ampoule with a conical base and sealed under vacuum
(107° Pa). The ampoule was held in the hot zone for 12h to
achieve homogenization and then moved from the hot zone
(1050 K) to the cold zone (900 K) with a speed of 1.0mmh™"
(suggested value to obtain good quality crystals®®). The final
sample, which presented a half-pyramidal shape, was fixed along-
side its cleavage plane to obtain a (0001) oriented surface.* The
crystal structure of the grown Bi,Se; sample was analyzed by
X-ray diffraction (XRD) using a Malvern PANalytical
Empyrean diffractometer with Cu Ko radiation. Continuous
scanning with a wavelength of 1.5406 A at 45kV and 45mA
was used. The scan speed for the spectrum was 0.5 min~" with
a 260 range of 5-80° at room temperature (T~ 21.4°C). The
lattice constants of the specimen were evaluated by using
HighScore Plus V4.9 software. The DSI measurements were
performed at room temperature by wusing a Hystrion
Triboindenter (T1-950) with a standard Berkovich tip with a half
angle of §=65.27°. The constant load holding method®”! was
applied to observe the time-dependent plastic deformation by
measuring the penetration depth of the indenter, while a con-
stant load is applied on the material’s surface for a fixed holding
time. Single-crystal Bi,Se; samples were cleaved with a surgical
blade and a holder®®® in the air atmosphere (T~ 21.4 °C) along-
side the (0001) plane. The creep properties of single-crystal
Bi,Se; were measured using different holding loads, P of
1000, 2000, 3000, 4000, and 5000 pN, respectively. The reliability
of all test results was verified by making five independent meas-
urements. An average value was calculated, and the error bars
shown in this study represent the standard deviation obtained.
The indentation process was completed in four steps, as illus-
trated in Figure 1: loading (at a constant loading rate for 15 s);
first holding at the maximum load (600s); first unloading
(15s); second holding at the %10 of the maximum load
(1005s); final unloading (30s). The second holding step was

4000=
Loading: 15 s Creep: 600 s Unloading: 15 s

3000
P
4
=
N’
= 2000
§ Loading rate= 200 uN/s

1000

0 | 1 | | |

0 100 200 300 400 500 600 700 800
Time (s)

Figure 1. Indentation loading profile used for measuring the creep
displacement.
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performed to avoid thermal drift, which can affect the displace-
ments under constant loadings as the measurement area gets
smaller.*”]

Moreover, five different loading times, namely 5s
(1000 uNs™"), 155 (333.33uNs™ "), 30s (166.67 uNs™ '), 60s
(83.33uNs™"), and 90s (55.55puNs™!), were applied to the
sample under a constant maximum load of 5000 pN to analyze
the influence of the strain rate on the creep displacement
(i.e., SRS).

3. Results and Discussion

3.1. X-Ray Diffraction Analysis

The XRD plot shown in Figure 2 confirmed the single-crystal
nature of the manufactured Bi,Se; samples, which shows a hexa
gonal thombohedral lattice structure belonging to R3m space
group. The lattice parameters of the Bi,Se; single crystal deter-
mined by using HighScore Plus V4.9 software are a=4.13 A,
b=4.13 A, and ¢ = 28.6 A. The XRD plot presenting major sharp
(003), (006), (0015), (0018), (0021) peaks and minor (015), (110)
peaks indicates that the Bi,Se; single crystal is mainly grown
along the c-axis.

3.2. Influence of the Holding Load and Strain Rate Sensitivity

Figure 3 shows the load versus penetration depth curves obtained
using a maximum holding load of 1000, 2000, 3000, 4000, and
5000 pN, respectively. Plastic deformation and residual indenta-
tion imprint were observed even at the smallest applied load,
which indicates the high ductility of single-crystal Bi,Se;.
Residual imprints of each holding load can be seen in
Figure 4. As expected, the projected area is increased as the max-
imum load increased. Small pop-ins (sudden displacement
increase in the load—penetration depth curves??®)) were observed
during the loading stage and became more obvious as the applied
load increased. However, considering the extremely small entity
of these pop-ins, and the absence of material damaging on the
surface (as shown by the optimal micrographs of Figure 4, the
observed pop-ins can be attributed to surface irregularities or
experimental noise, rather than nucleation of dislocations of
crack initiation. A similar phenomenon has also been observed
in the creep experiments of other flexible electronic materials,
such as GaAn,*® Ni;ALP” and AZ31 Mg.*!

The creep displacement-time and strain rate-time curves
under varying holding loads are shown in Figure 5, which shows
data only for the 600s holding period for all the five different
loading profiles of Figure 3. The creep displacement-holding
time curves can be evaluated in two distinct phases. The initial
creep or transient phase where the creep displacement increases
rapidly to a maximum value and then the steady-state creep
where the creep displacement hardly deviates and becomes
almost linear with the increasing time. It is obviously seen from
the figures that the creep displacement initially increases
and then tends to stabilize during steady-state creep.*? For a
Berkovich indenter tip, the strain rate ¢ can be calculated by
the following equation:>*!

© 2022 Wiley-VCH GmbH
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Figure 2. a) XRD peaks of single-crystal Bi,Se; and b) cleaved surface of as-grown Bi,Ses crystal.
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Figure 3. Load—penetration depth of single-crystal Bi,Se; under different
loading profiles.

b= )

where h, is the contact penetration depth (i.e., plastic displace-
ment) and ¢ is the holding time. The contact penetration depth
he can be calculated as h. =h — a x P/S,?Y where h is the real-
time indentation depth, « is an empirical constant equal to 0.72
for a Berkovich tip,*” P is the applied load, and S is the contact
stiffness (i.e., the slope of the unloading portion in the
load—penetration depth curve). The real-time indentation
depth can be fitted using the following empirical formula
(R* > 0.99):°

h=hy+a(t—1t,)°+kt )
where t is the time, h, and ¢, are the displacement and time

values at the beginning of the load holding stage, and a, b,
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and k are fitting parameters. Using Equation (1) and (2), the
strain ratee can be obtained as follows:
a-b-(t—t)0D 1k

£= X ()

As the applied load remains the same during the holding
period, as time increases, the strain rate becomes almost
constant during the steady-state creep phase. The SRS can be
obtained from the slope of the double logarithmic strain rate
& versus hardness H plot during the holding period as follows:

_ 0In(H)

" (e @

where m is the SRS parameter, and the hardness H is defined as

H= 5

where A_is the contact area (that increases with increasing values
of the applied load by causing a decrease of hardness) calculated
as A, = 8 x h?, where f3is a geometrical constant equal to 24.3 for
a Berkovich tip.*%

Figure 5 shows the typical two-stage creep displacement—time
curves,?”! characterized by an initial stage where the creep
displacement (contact depth) rapidly increases over time, and
a second steady-state stage where the creep displacement tends
to stabilize to a constant value. It is worth noting that the third
creep stage related to creep failure®® is not observed as the tested
material did not show any creep damage after 600 s. As expected,
larger creep displacements were observed for larger holding
loads, as shown in the plots of Figure 5. The plots of Figure 5
show also a good fitting between experimental data and

© 2022 Wiley-VCH GmbH
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Figure 4. Residual imprints of nanoindentation experiments under a maximum holding load of a) 1000 pN, b) 2000 N, c) 3000 N, d) 4000 N, and
e) 5000 uN. Insets present the side views of the imprints.

Equation (2) (fitting parameters are shown in tables). A correla-  rate declines rapidly at the beginning of the holding period and
tion coefficient R* > 0.9 has been obtained for all curves. becomes constant.

Strain rates were also plotted in the same plots (dashed blue The SRS values of single-crystal Bi,Se; were calculated for
curves). For each holding load, it is observed that the creep strain ~ each maximum holding load using Equation (4). Figure 6a shows
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Figure 5. Experimental and fitted curves of creep displacement and strain rate versus holding time, for single-crystal Bi,Se; at a maximum holding load of

a) 1000 pN, b) 2000 uN, c) 3000 uN, d) 4000 uN, and e) 5000 pN.

the SRS parameter m, calculated from the slope of the log(H)
versus log(&) curve, corresponding to a maximum holding load
of 1000 uN, while Figure 6b shows SRS values calculated for
different values of holding loads. As can be seen from
Figure 6b, m decreases from 0.301 to 0.240 with increasing
values of holding loads from 1000 to 5000 uN. A sudden drop
of m with increasing values of holding loads from 3000 to
4000 pN is noteworthy. The reason for this step change presum-
ably results from inevitable rapid oxidation generated on the
surface of Bi,Se; after cleavage. SRS is strongly dependent on
hardness as described in Equation (6). The hard oxide layer
makes it difficult to penetrate the surface and when it is passed,
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the hardness values and therefore the SRS values are greatly
reduced. The decrease of m with increasing holding loads was
also observed in other electronic materials, such as Cul®*”! and
LiTa03,*® and indicates that SRS is strongly dependent on
indentation penetration size. This phenomenon can be explained
from different perspectives. First, the projected area increases as
the indenter penetrates the material and this results in stress
reduction when a constant load is applied during creep tests.
As stress is the driving force for material deformation, such a
reduction should decrease the displacement rate until the stress
becomes too low to push the tip further into the sample.[*”) Thus,
the measured value of the SRS should decrease due to its

© 2022 Wiley-VCH GmbH
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Figure 6. a) SRS of single-crystal Bi,Se; with constant loading rate under 1000 uN holding load. b) SRS values with standard deviations calculated

for different values of holding loads.

inherently reduced deformation as the applied holding load
increases. Second, lower loads create lower displacement rates
(see Figure 3), which directly affects the hardness considering
that H = P/A and the contact area is calculated from maximum
displacement (h.), A= p x h%, which tends to be lower at lower
holding loads (see Figure 5). According to Equation (5), as the
strain rate values during holding at the steady-state creep stage
linearized and became almost constant, decreasing hardness
values with the reduced displacement activity leads to a reduction
in m values between 1000 and 5000 pN.

Moreover, we can affirm that a dislocation-dominated creep
behavior has been observed for the tested Bi,Se; single crystal,
as the creep stress exponent n (i.e., the reciprocal of m) varies
between 3.69 and 4.081 and then lies in the dislocation-
dominated creep range 3 <n < 6.[*!

3.3. Activation Volume

The activation volume, defined as the volume required to onset
the plastic deformation, can be calculated using the following

equati()n:[31,39,42]
o — 01n(¢)
V= Mka( A(H) ) .

Here, M is the Taylor factor, kj, is the Boltzmann constant, and T
is the material temperature. Combining Equation (4) and (6), we
can obtain the following simplified equation:

P Mk, T
~ mH

)

By considering M= V3, by =138x102]JK ', and
T = 297.45K (i.e., room temperature of 24.3 °C) and using data
in Figure 6b, the activation volume v* can be calculated for dif-
ferent values of holding loads, and results are shown in Table 1.

It can be seen from Table 1 that v* increases from 0.978 b* to
6.834 b for increasing values of the holding load from 1000 to
5000 pN, respectively, where b is the Burgers vector of disloca-
tion, equal to 0.4 for Bi,Ses.[* It is noticeable that the activation
volume values at 3000 and 4000 pN are very close. This can result
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Table 1. The values of activation volume, v* of single-crystal Bi,Se; at
various holding loads.

Holding load [uN] v [bY]

1000 0.978 4 0.098
2000 3.093 £0.198
3000 4.681+0.337
4000 4.731+£0.512
5000 6.834 £ 0.691

from the deformation mechanism at the atomic level. From the
micromechanics aspect of view, different deformation mecha-
nisms usually involve specific activation volumes, and v*
between 1b’ and 10b* are associated with dislocation nucle-
ation.™ The dislocation loops would incubate and grow from
the lattice defects, and may ease the onset of plastic deforma-
tion.*®! Therefore, defects in the lattice structure at certain
regions where 3000 and 4000 uN creep loads are applied can trig-
ger the plastic deformation onset and equalize the v*’s. The over-
all increase is due to the decrease of H and m for increasing
values of holding load P (see Equation (7)). The measured values
of the activation volume v* are very close to those obtained for
Cu,! by confirming the high ductility of Bi,Se; single crystal.
According to the results, one can conclude that the large variation
of activation volume accounts for the unsteady creep behavior in
single-crystal Bi,Se; TIL

3.4. Loading Rate Effect

Considering the time-dependent behavior of creep properties,
indentation tests have also been performed at different values
of loading rate to observe the influence on the creep displace-
ment. Figure 7a shows the load—penetration depth curves
referred to a maximum holding load of 5000 pN where five dif-
ferent loading rates have been used, namely 5s (1000 uNs™),
155 (333.33uNs ), 30s (166.67 uNs '), 60s (83.33 uNs™),
and 90s (55.55 pN's™ '), while Figure 7b shows the creep dis-
placement obtained during the 600 s holding time for different

© 2022 Wiley-VCH GmbH
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Figure 7. a) Load—penetration depth and b) creep displacement—time curves of single-crystal Bi,Ses at five different loading times for a maximum holding

load of 5000 uN.
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Figure 8. a) SRS of single-crystal Bi,Se; with different loading times and b) SRS relation to loading time at 5000 pN with standard deviations.

loading rates. It is obvious from the plots of Figure 7a,b that as
the loading becomes faster, the creep displacement becomes
larger. This is related to the higher energy state, which develops
at higher loading rates, that facilitates a larger viscoplastic
deformation.[*”**]

Figure 8a,b shows the m values obtained for different loading
rates. From the figures, it is clearly seen that SRS increases sig-
nificantly with increasing loading time from 5 to 15s (this is
because load holding times lower than 20 s are likely to be less
affected by thermal-drift induced errors*”), while a slight
increase is observed from 15 to 90s.

The increasing values of m with increasing loading rates were
reported for other materials. Mal*® et al. observed that the SRS of
annealed CoCrFeCuNi HEA film increased with increasing load-
ing rate compared to the as-deposited film because the annealing
process caused stabilization at the inner structure of the material.
In other studies, Sharma et al.**! and Ma et al.®” reported a pos-
itive correlation between SRS and loading rate while investigat-
ing the nanoindentation creep behavior of HgCdTe and Nij,
respectively. However, there are other studies which observed
an opposite behavior. Mahmudi et al*" reported an increase
of n values (and then a decrease of m values) with increasing
loading rate and declared that »n does not depend on the
loading conditions.
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We observed that for the tested Be,Se; sample, the SRS does
not strongly depend on the loading rate (m values are in
fact almost stable between 15 and 90s). This is related to the
single-crystal nature of the tested material. The loading rate
strongly influences the SRS in polycrystal materials, where the
dislocation nucleation is influenced by grain boundaries.>”!
The absence of grain boundaries in our single-crystal material
makes the loading rate influence less strong.

However, research on the relationship between the SRS and
the loading rate is limited to date. This behavior should be care-
fully taken into consideration and further research is required to
shed more light on this mechanism.

4, Conclusion

In this work, single-crystal Bi,Se; TI was grown using the
Bridgman-—Stockbarger method. Nanoindentation creep proper-
ties of single-crystal Bi,Ses, such as creep deformation, SRS, and
activation volume, were investigated at various loading rates
and holding loads to shed some light on the scale- and time-
dependent behavior of the tested material.

Experimental results revealed that the creep displacement of
the material increased with increasing values of the maximum

© 2022 Wiley-VCH GmbH
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holding load from 1000 to 5000 pN. Accordingly, the activation
volume increased, and the SRS decreased with the increase of the
holding load. A scale effect related to the load applied and then
the area of the material tested by indentation was then observed.
The creep displacement during the holding stage increased with
increasing values of loading rate due to the higher energy state,
which develops at higher loading rates, that facilitates a larger
viscoplastic deformation. A positive correlation between loading
time and SRS was observed and attributed to the single-crystal
nature of the BiSe; sample.

Finally, the results obtained also confirmed a high ductility of
the tested material and dislocation-dominated creep behavior.

The proposed results provide useful information on the scale-
and time-dependent mechanical properties of the single-crystal
Bi,Se; TI, by paving the way for the design of novel and
cutting-edge Bi,Ses-based devices.
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