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We report the deformation behavior of single-crystal InP(100) micropillars, measuring about 1 lm

in diameter and 2 lm in height, subjected to uniaxial compression at room temperature. The

engineering stress-strain results indicated that the yield strength of InP pillar is about 2.5 GPa, and

the presence of a drastic strain burst right after yielding. Cross-sectional transmission electron

microscopy microstructural observations reveal the formation of extremely dense twins. The

results indicate that the plastic deformation in InP micropillars is dominated by explosive

generation of deformation twins under the high stress state. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4758479]

Understanding the dislocation-based plasticity in promi-

nent functional materials at the sub-micron scale is important

not only for gaining insights into the fundamental mecha-

nisms of small scale plasticity but also for designing reliable

devices in the field of nano- or micro-electromechanical

systems. Recent advancement in nanoscale fabrication and

mechanical measurements has enabled the systematic inves-

tigation of size effects on the deformation behaviors of vari-

ous materials. In this way, the size-scale effects on the

materials mechanics can be explored under the conditions of

minimized imposed deformation gradients, thus, limiting

influence from concomitant changes in local strength and

hardening rate resulted from the evolution of geometrically

necessary dislocations induced by strain gradients.1 Indeed,

the compression tests on micro-pillars made of various mate-

rials1–4 have been demonstrated to exhibit dramatically dif-

ferent deformation behaviors as compared to their bulk

counterparts. For instance, in addition to prevailing the tenet

of “smaller is stronger” in essentially all the measurements

preformed, drastic reduction in brittle-to-ductile transition

temperatures in micro-compression of GaAs5,6 and Si7 was

also observed when the diameter of the testing pillars is

smaller than certain critical sizes.

However, because of the small sizes of the structures, ob-

servation and subsequent analysis remain as challenging tasks

and even involve numerous assumptions. To address this

issue, micro-compression tests on pillars made of various

materials have been conducted and analyzed with the aids of

transmission electron microscopy (TEM) to delineate the

activities of the extended defects associated with the

compression-induced deformation.3–9 Very recently, in-situ
micro-compression test on Al micro-pillars has been con-

ducted directly inside a high-resolution electron micro-

scope.10 This enables the in-situ observations of the structural

changes during compression test and provides information

concerning the mechanisms governing the manifestations of

deformation behaviors, including the instant and location of

the initiation of shear bands, cracks, or dislocations.

In practice, a basic micro-compression test consists of

uniaxial compression on micro/nano-sized pillars that are usu-

ally prepared by means of focused ion beam (FIB) milling.

Micro/nanopillars were directly carved into the surface of a

substrate material by FIB milling. Once the micro/nanopillars

are fabricated, a modified nanoindentation system equipped

with a flat-end diamond indenter is used for carrying out the

micro-compression measurements. During the engagement of

the indenter, the micropillars protruding from the substrate

have the first contact with the indenter tip and are compressed

afterwards. The load-displacement data are then continuously

recorded in the same way as being practiced in nanoindenta-

tion measurements.4 The load-displacement data can also be

directly converted into the engineering stress-strain responses

of pillars by dividing the applied load with the cross-sectional

area and the apparent displacement with the effective gauge

length of pillars, respectively.

Nucleation of dislocations can occur homogeneously in

the bulk as full dislocation loops, or occur heterogeneously

at surfaces and edges as half or quarter dislocation loops. In

nanoindentation tests, the stress state is non-uniform and the

resolved shear stress on potential slip systems reaches a max-

imum in regions directly underneath the contact. Therefore,

dislocation nucleation is expected to occur inside the solid.

In micropillar compression tests, on the other hand, the stress

field is in principle uniform and dislocation nucleation can

occur anywhere within the gauge section, including at the

free surfaces and edges. This stress-state difference is crucial

in understanding the deformation behaviors and the relevant

mechanisms deduced from nanoindentation or micropillar

compression tests. Herein, in this study, we experimentally

studied the deformation behaviors of single-crystal (100)-

plane-oriented InP pillars under uniaxial compression. InP

has the face-centered cubic (zincblende) crystal structure.

The cross-sectional TEM (XTEM) observations combined

with the selected area diffraction (SAD) analyses indicate

that twinning is the predominant deformation mechanism in

micron-sized InP pillars under compression. The results
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clearly exhibited distinctly different stress-induced deforma-

tion behaviors as compared to those observed in nanoinden-

tations performed on similar single-crystal InP(100)

substrates.11,12

The single-crystal (100)-oriented InP substrates used in

this study are similar to those used previously in nanoinden-

tation tests.12 The InP micro-pillars were prepared using the

dual-beam FIB systems (FIB, SMI 3050 station with Ga ions

at 30 keV), following the method developed by Uchic et al.1

The Ga-ion beam operated at a voltage of 30 keV with a

beam current of 7–12 nA was initially directed perpendicular

to the surface of the InP wafer to mill a cylindrical mesa

situating at the middle of a crater about 35 lm in diameter

and 1 lm in depth. The same voltage and smaller currents of

0.7–0.09 nA were used to refine to the structure into pillar

with targeted height and diameter. The micropillars prepared

in this study typically are measured about 1 lm in diameter

and around 2 lm in height. However, due to the profile of the

Ga-ion beam, the obtained micropillars appear to have a

slight taper angle around 1.3�. The inset of Fig. 1(c) shows

the typical appearance of the micropillars used in this study

prior to compression tests. The thickness of the damaged

layers resulted from the side radiation of Ga-ions in the cur-

rent FIB-milled 1 lm micropillars is estimated to be around

50 nm, and is considered to have negligible effects on the

results of the compression tests.

The micropillars are loaded with a uniaxial compression

by using the flat-punch Berkovich tip in a commercially

available nanoindentation systems (MTS Nanoindenter XP)

operating with the continuous stiffness measurement (CSM)

function. The tests were carried out with the constant dis-

placement rate mode at a strain rate of 10�3 s�1. In order to

trace the mechanical response of the pillar at different strain-

ing stages, the preset stop displacement was set to be

200 nm. The outside appearance of the as prepared and

deformed micropillars was examined by scanning electron

microscopy (SEM). The XTEM samples were prepared from

the post-compression InP pillars by using a dual-beam FIB

(Nova 220) station with Ga ions at 30 keV. The TEM foils

were coated with a thin carbon layer for protection. The

thickness of the foils is less than 50 nm. The XTEM thin foil

specimens were examined in a FEI TECNAI G2 TEM oper-

ating at 200 kV.

Figure 1(a) shows the load-displacement curve for the

compression test on InP pillar shown in the inset of Fig. 1(c).

The converted engineering stress-strain response of the com-

pressed InP pillar using the method described above is pre-

sented in Fig. 1(b). It is evident that initially the micropillars

were deformed elastically up to a strain of about 7.6%, and

then followed by a drastic strain burst at an apparent yield

strength of �2.5 GPa.

Furthermore, an approximate formula usually used for

extracting the Young’s modulus of the pillar (Epillar) is

employed to obtain the Young’s modulus of the present InP

pillars by assuming that the applied stresses are uniformly

distributed over the entire cross-section of the pillar,14 as

following:

Epillar ¼ 1þ p D ð1� vÞ
8H

� �
4PH

p D ðDþ 2H tanhÞ d

� �
; (1)

where v, P, d, H, D, and h are denoted as the Poisson’s ratio

of InP, the compressive load applied on the pillar, the total

displacement of pillar upon compression, the height of pillar,

the top diameter of pillar, and the taper angle, respectively.

With Eq. (1), the Young’s modulus of InP pillars is estimated

to be approximately 73.7 6 3.1 GPa, which is in good agree-

ment with the values obtained by nanoindentation, namely

�82 GPa11 and 78.9 6 3.7 GPa,12 respectively.

However, although GaAs and InP have been shown to

exhibit almost the same deformation behaviors in the inden-

tation tests,11,12 it is noted that the deformation behaviors

FIG. 1. (a) Load-displacement curve and (b) the engineering stress-stain curve of compression test on InP pillar. (c) SEM images show the compressed InP pil-

lar, and the slip bands are observed on InP pillar. The inset shows the un-compressed InP pillar.

151905-2 Jian et al. Appl. Phys. Lett. 101, 151905 (2012)
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displayed in Figs. 1(a) and 1(b) are in sharp contrast to those

observed in previous micro-compressions on GaAs pillars

with similar sizes,5 where the yield strength (�2.3 GPa) was

clearly indentified and the subsequent flow stress was fluctu-

ating substantially within the range of 1.6–2.6 GPa with no

catastrophic strain burst.

The TEM investigations on those GaAs pillars have

indicated that, in addition to significant dislocation slips on

{111} planes, high density twins as well as microcracks

were generated during the micro-compression tests. There-

fore, it was suggested5 that the deformation behaviors of

GaAs micro-pillars might have involved different combina-

tions of the above mentioned activities at various deforma-

tion stages. On the other hand, the essentially single

catastrophic deformation behavior in InP has been attributed

to the truncation of either the ability to multiply dislocations

or the number of dislocation sources in the pillar.1,10 It is

thus interesting to explore the underlying mechanism that

could lead to the apparent differences between the present

observations and previous results.

In compression tests carried out under displacement

control mode, similar strain burst behaviors have been

observed in the micropillars made of hexagonal close-

packed GaN4 and ZnO13 when the applied load exceeds the

yield strength. For all the InP, GaN, and ZnO micropillars,

inhomogeneous deformation has occurred, as seen in

Fig. 1(c). A closer look at the SEM photograph shown in

Fig. 1(c) indicates that this inhomogeneous deformation may

have been resulted from the slip bands asymmetrically local-

ized in the gauge range of the deformed pillars. The angle

between the inclined slip planes has the angle about 55� with

respect to the horizontal (100) plane, suggesting that the slip

plane is (111) which should oriented at 54.7� with (111) for

cubic crystals.

This phenomenon can be understood as followings.

When slip occurred, material was transported from the top

pillar surface to the side surfaces. However, dislocation pile-

up may form at the intersections preventing further flow

across the pillar when the glide bands are intersected. Dislo-

cation pile-up would form along {111} slip planes, therefore,

imposes a lateral force on the pillar below the glide band

intersection.7 Nevertheless, whether the result shown in Fig.

1(c) is simply due to collectively activation of existing dislo-

cations or is originated from explosive and highly correlated

dislocation generation10 remains to be clarified.

Figure 2 shows the bright-field XTEM image of the

post-compressed InP pillar. It is evident that the contrast

bands, as well as the associated diffraction pattern, align at

an angle of �54.7� with respect to the (100) plane, confirm-

ing the (111) glide planes. Furthermore, as indicated by the

arrow shown in the inset of Fig. 2, the glide planes are appa-

rently terminating at the amorphous surface layer, induced

by the damage of FIB beam. This amorphous surface layer

in InP is about 50 nm-thick, much thicker than the 5 nm for

metallic glass or 10 nm for GaN. Note that the etching rate of

InP by FIB is about five times than GaN or ZnO, suggesting

InP is more likely to be damaged. For compressions exerted

along the h100i direction, the Schmid factor for the

{111}h110i slip system is calculated to be about 0.41. Under

the assumption of a perfectly uniaxial stress throughout the

InP pillar, the resolved shear stress (srss) on the {111} planes

becomes �1 GPa (2.5 GPa� 0.41), which is substantially

smaller than the nanoindentation-derived values of critical

resolved shear stress (scrss � 2.8–3.5 GPa) for activating dis-

location slip in InP crystals,15 thus, is consistent with twin-

dominated deformation behavior. Similar behavior has been

observed in GaAs by Androussi et al.16 It was pointed out

that, for fcc structured semiconductors under the high-stress

compression condition, the micro-twinning produced by

gliding of partial dislocations might become the dominant

plastic deformation mechanism over the gliding of perfect

dislocations.16 We believe that similar scenario might also

apply for the deformation of the present InP pillars. Indeed,

the TEM dark-field image shown in Fig. 3(a), using the

ð�11�1Þt diffraction twin spot in the [011] zone-axis SAD pat-

tern (SADP) in Fig. 3(b), evidently shows the existence of

extremely fine twinning lying parallel in the {111} planes.

Nevertheless, it is worthwhile to indicate here that although

the scrss values for the hexagonal structured GaN4 and ZnO13

are even higher than those of their fcc counterparts, namely

InP and GaAs,5,16 the deformation characteristics were pre-

dominantly associated with dislocation activities. The reason

FIG. 2. XTEM bright-field image of InP pillar compressed to a preset dis-

placement 200 nm. The inset shows a magnification of amorphous layer in

the upper part of InP pillar.

FIG. 3. (a) A close-up view of XTEM dark-field image of compressed InP

pillar, showing that the dense twin and (b) the SAD pattern, and the sample

is oriented along the [011] zone axis.

151905-3 Jian et al. Appl. Phys. Lett. 101, 151905 (2012)
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for this is not clear at present and certainly requires further

studies. A detailed comparison of the deformation character-

istics with the prominent mechanical parameters collected

from the literature for the above-mentioned compound semi-

conductors is displayed in Table I.

The strong intensity of the twin spots in the SADP fur-

ther indicates that the density of the stress-induced twins can

be very high. The diffraction spots of the twins are slightly

elongated because the twins are essentially consisting of

very thin crystalline plates owing to the explosive generation

of twins that eventually leads to the drastic strain burst

observed in Fig. 1(b). In addition, there is no indication of

the formation of cracks or other phases, thus, the deforma-

tion behavior in the present case seems to proceed predomi-

nantly by the formation and propagation of twins. To give a

simple estimation on the number of twins, the energies

before and after a twin has traversed the pillar at an angle of

54.7� (Figs. 2 and 3(a)) are compared. Thus, the formation

energy (Ef ) of a twin in the pillar is approximated by

Ef ¼ ðcos 54:7�Þ � ðp r2Þ � C; (2)

with r being the radius of pillar and C being the energy per

unit area of twin, respectively. Taking C¼ 18� 10�3 J/m2,17

the number of twins formed can be estimated from the com-

plete release of elastic strain energy. From Fig. 1(a), the elas-

tic strain energy is estimated to be around 1.7� 10�10

J. Assuming this elastic strain energy is solely related to the

formation of twins, we obtain that the number of twins gen-

erated by this process is approximately 2� 103. A higher

number of 6� 103 twins are obtained if the total dissipation

energy (i.e., the entire area between the loading and unload-

ing curves shown in Fig. 1(a)) is taken into account for the

formation of twins. Such estimation provides the upper limit

of the number of twins can be generated within a micro-scale

pillar. However, since the unloading may give rise to a small

relaxation of the twin structure, the final configuration of the

deformation twins should be stabilized by the residual strain

remaining in the compressed pillar. In any case, if we assume

that the deformation twins are spreading uniformly over the

2 lm gauge length, the average spacing between the twins

should be in the order of 0.3–1 nm.18 Unfortunately, the reso-

lution of Fig. 3(a) appears to be inadequate to give a conclu-

sive account for this estimation and further investigations are

certainly needed.

In summary, we reported the results of the room-

temperature stress-induced plastic deformation behaviors in

single-crystal InP(100) micropillars. The micropillars were

fabricated by using the dual-beam focus-ion-beam milling

technique and the deformation behaviors were investigated

using the micro-compression carried out in a modified nano-

indentation facility in combination with the microstructure

analyses using cross-sectional transmission electron micros-

copy. Results reveal that the yield strength of InP micropil-

lars is about 2.5 GPa. A dramatic strain burst is followed by

the yielding. Extensive shear sliding occurs along the (111)

planes, resulting a Schmid factor of 0.41 and shear stress of

�1 GPa. TEM microstructure analyses confirmed that twin-

ning is the predominant deformation mechanism in the com-

pressed InP pillars.
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TABLE I. Comparison of the crystal structure, mechanical data, and domi-

nant deformation modes in the four optoelectronic materials.

InPa GaAs5 ZnO13 GaN4

Crystal structure Cubic Cubic Hexagonal Hexagonal

Pillar horizontal plane (100) (100) (0001) (0001)

Young’s modulus, Epillar (GPa) 74 123 123 226

Hardness (GPa) 5 8 7 15

Yield stress (GPa) 2.5 1.8 3 10

Microcompression, srss (GPa) 1 0.6–0.9 1.2 4.1

Nanoindentation, scrss (GPa)15 2.8–3.5 4.1–5.2 3.2–4.4 7.6–9.4

Deformation mode Twinning Twinning Dislocation Dislocation

Shear plane (111) (111) (10–10) (10–10)

aPresent work.
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