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Introduction 

Wide band-gap semiconductors, such as 

zinc oxide (ZnO) and gallium nitride (GaN) 

are getting a lot of attention for their 

applications in optoelectronic and power 

devices. Single crystal GaN, a III-V wide 

band-gap semiconductor, has received a 

great deal of attention in the recent past 

due to its potential for the realization of 

photonic devices such as laser and light 

emitting diodes (LEDs) operating in the 

ultraviolet portion of the electromagnetic 

spectrum as well as solar-blind photo-de-

tectors.1 Its wide band-gap, high break-

down ield, and high electron saturation 
velocity also make it an attractive can-

didate for the development of electronic 

devices operating at high temperatures, 

high power, and high frequency relative to 

competing materials such as silicon and 

gallium arsenide.2,3 While GaN holds the 

promise for the advancement of a number 

of technologies, its ascension to maturity 

has been rather sluggish. Technologi-

cal hurdles in the growth of bulk GaN by 

standard melt techniques and the nonex-

istence of a suitable lattice-matched sub-

strate, have forced researchers to conduct 

the vast majority of studies in this material 

on heteroepitaxially grown thin ilms, 
with C-plane (0001) sapphire and silicon 

carbide being the traditional substrates of 

choice.4 The mismatch of lattice constants 

and thermal expansion coeficients in such 

heteroepitaxy results in high dislocation 

densities and a high level of post-growth 

residual strain in the GaN ilm, which inevi-
tably affects its physical properties.

Similarly, single crystal ZnO - a II-VI wide 

band-gap semiconductor - has received 

a good amount of attention in the recent 

past due to its potential application in 

short wavelength optoelectronic devices 

due to some advantages over the more 

popular GaN.5 For example, ZnO has a 

simpler crystal growth technology, which 

translates to a lower cost material. ZnO 

can also be easily etched in acids and 

alkalis, providing an opportunity of fab-

rication of small-scale devices. Recently, 

ZnO has shown potential for applications 

in transparent thin-ilm transistors as 
well.6 In all cases, it is of great interest 

to understand the mechanical properties 

at the device length scales for improve-

ments in manufacturing processes as well 

as better functional reliability.

In recent years, with the advent of the 

nanoindentation technique, there have 

been some efforts to determine the elastic 

modulus and hardness of semiconductor 

single crystals and thin ilms. However, 
most of these studies have been limited 

to determining the elastic modulus and 

hardness. Very little is known about the 

elastic to plastic transition behavior and 

how the defect distribution in the crystal 

affects the critical failure stresses. In this 

application note, we discuss a nanoinden-

tation method using spherical indentation 

probes to characterize the elastic-plastic 

transition behavior and determine critical 

failure stresses in ZnO and GaN single 

crystals with (0001) orientation. Nanoin-

dentation using a spherical probe results 

in an extended elastic deformation regime, 

and a gradual transition to elastic-plastic 

deformation, to enable the characteriza-

tion of critical failure stresses.

Experimental

The nanoindentation experiments were 

carried out in a Nanoindenter G200 using 

spherical diamond probes with tip radii 1 

and 13.5µm. Note that the radius of the 

tip was veriied by imaging the probes 
in a scanning electron microscope. The 

continuous stiffness measurement (CSM) 

attachment was used to measure the 

contact stiffness as a continuous function 

of indentation depth. The measured load 

(P), displacement (ht) and contact harmonic 

stiffness (S) were then analyzed according 

to Hertzian contact mechanics, as dis-

cussed below. The schematic of a spherical 

indentation process is shown in Fig. 1.

The contact depth (hc) is calculated ac-

cording to the Oliver-Pharr model:7

                (1)

where, ε is a constant with a value of 0.75 

for a spherical indenter. It is important to 



note here that this equation can be applied 

in both elastic and elastic-plastic regimes 

to calculate the contact depth. Once the 

contact depth is known, the contact radius 

(a) can be derived as:

               (2)

where, R is the tip radius. According to 

the theory of elastic contacts, the contact 

radius is related to the harmonic contact 

stiffness by:8

                       (3)

where, E* is the reduced modulus that is 

a function of both the sample and the tip, 

and can be expressed as:8

             (4)

E and n are Young’s modulus and Poisson’s 

ratio, respectively. The subscript ‘i’ repre-

sents the properties of the diamond tip, 

which has a Young’s modulus of 1140GPa, 

and a Poisson’s ratio of 0.07. Hence, for the 
elastic regime, the modulus of the sample 

can be measured from the slope of an S vs. 

a curve, which should be linear based on 

the relationship mentioned in Eqn. 3.

Now, the indentation stress can be deined as:9

                         (5)

A deinition of ‘indentation strain’ has also 
been proposed by Tabor as:9

                          (6)

In the elastic regime, the indentation 

stress is a linear function of the indenta-

tion strain.8

               
 
 (7)

Note here that although this expression 

is used here as a representative strain, 

a proper expression of strain, especially 

Figure 2.  Nanoindentation load-displacement response of (a) ZnO (0001) crystal, and (b) GaN (0001) 

freestanding ilm, obtained using a spherical indenter of 13.5μm tip radius. Note the distinct stochastic 
pop-in events marked by arrows. 

for elastic-plastic indentation, is still very 

much a topic of ongoing discussion.

Results and Discussion 

Nanoindentation load-displacement 

results for the ZnO crystal with  

(0001) orientation – referred from now on as 

ZnO-C – obtained with the 13.5µm indenter 

are shown in Fig. 2a; those for the GaN 

freestanding ilm with (0001) orientation 
– referred as GaN-C – are shown in Fig. 

2b. The pop-in events, marked by arrows 

in Fig. 2, are clearly evident for both 

ZnO-C and GaN-C. Before the discussion 

on the critical stresses during pop-ins, it 

is important to characterize the elastic 

modulus of the semiconducting materials 

to validate the accuracy of this spherical 

nanoindentation method.

  

As noted in literature, the pop-in events 

during contact loading of crystalline solids 

represent the transition from elastic to 

plastic deformation.10–12 Hence, in order 
to measure the elastic modulus, the 

harmonic contact stiffness is plotted as 

a function of the contact radii in Fig. 3 

for the data obtained prior to the pop-in 

events. According to Eqn. 3, the reduced 

modulus can be obtained from the linear 

slope, and thus the elastic modulus can 

be calculated as per Eqn. 4. The excel-

lent linearity of the S vs. a curves for 

both ZnO and GaN is noteworthy, and 

indicates accuracy of the contact radius 

calculation. At 125 ± 3GPa, the elastic 

modulus for ZnO-C from Fig. 3a is in ex-

cellent agreement to the Young’s modu-

lus reported in literature.13 This value is 

also in reasonably good agreement with 

the elastic modulus determined from 

Berkovich nanoindentation (135 ± 3GPa). 

Similarly, the elastic modulus for GaN-C 

is calculated from the S vs. a plot (Fig. 

3b) to be 221 ± 3GPa. The Berkovich 

Figure 3.  Harmonic contact stiffness, measured by continuous stiffness measurement, as a function of 
contact radius, for (a) ZnO (0001) crystal, and (b) GaN (0001) freestanding ilm, indented with a 13.5 μm 
spherical indenter.

Figure 1.  Schematic of spherical indentation. The la-

bels indicate parameters those are deined in the text.
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nanoindentation modulus, measured on 

the same surface, is reasonably close at 

261 ± 3GPa. 

The other way to characterize the elastic 

deformation is to calculate the indenta-

tion stress and strain values, according 

to Eqns. 5 and 6. The indentation stress-

strain curves for the ZnO-C and GaN-C 

are shown in Figs. 4a and 4b, respectively. 

The slope of the elastic region before the 

pop-ins was used to calculate the elastic 

moduli, according to the Eqn. 7. The 

elastic modulus of both ZnO-C and GaN-C 

calculated in this way (shown in Fig. 4) 

matches well with the other measure-

ments mentioned before – putting more 

credence into the methodology discussed 

here. It is interesting to note here that 

there is a great amount of scatter in the 

modulus values for semiconducting crys-

tals and ilms reported in literature, mostly 
due to various processing parameters. So, 

even if our values are within that range 

it was not possible to compare it to any 

particular reported number. This varia-

tion is again reiterating the importance to 

measuring the mechanical properties of 

these semiconductor ilms and crystals for 
more reliable performance of the devices.

It has been discussed in literature that 

pop-in events during contact loading in 

crystalline solids represent the transi-

tion from fully elastic to elastic-plastic 

deformation.14 For semiconducting ZnO 

and GaN, such events are related to 

dislocation nucleation and/or dislocation 

multiplication events.11,12 It is known that 

the growth processes for semiconducting 

crystals and ilms often introduce point 

and line defects, which act as sources for 

dislocations during any contact loading 

during the manufacturing and handling. 

Depending on the processing parameters 

these inherent defects are statistically 

distributed in the crystals and ilms at dif-
ferent length scales.

As evident from the distribution of the 

pop-in loads in Figs. 2a and 2b, these 

defects in the ZnO-C crystal and the GaN-

C ilm are distributed stochastically in the 
material, and act as dislocation sources 

when a critical shear stress is reached. 

The maximum shear stress underneath 

the indenter can be written as:8

            (8)

The maximum shear stress occurs at a 

depth of about 0.48 times the contact 

radius under the contact surface. When 

the maximum shear stress reaches a 

critical value a new dislocation pair 

generates from this location, as shown 

in the schematic in Fig. 1. Theoretical 

calculations for defect free crystals have 

proposed this value to be close to G/2p, 

where G is the shear modulus of the ma-

terial. From the maximum shear stresses 

those were calculated for indents made 

with 1 and 13.5μm indenters at differ-
ent locations (Fig. 5), we can reasonably 

draw the following inferences. First, the 

critical shear stresses for both the ZnO-C 

and the GaN-C samples are lower than 

the theoretical predictions, suggesting 

that there were inherent defects in both 

materials that worked as dislocation 

sources at signiicantly lower stresses. 
Second, there is a stochastic distribution 

of maximum shear stresses where the 

pop-in, or dislocation burst, happens. 

Figure 4.  Indentation stress-strain curves for (a) ZnO (0001) crystal, and (b) GaN (0001) freestanding ilm, 
indented using a 13.5 μm spherical tip. 

Figure 5.  The maximum shear stresses at pop-in loads for different locations in (a) ZnO (0001) crystal, 

and (b) GaN (0001) freestanding ilm, plotted along with the theoretical shear strength of the correspond-

ing materials.
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This indicates that the dislocation sources 

are statistically distributed in the crystals – 

some being close and some being far away 

from the point of maximum shear under 

the indenter. Lastly, the critical stresses 

during pop-ins for 1μm indents are higher 
compared to 13.5μm indents. This differ-
ence indicates the length scale of defect 

distribution inside the crystals. The smaller 

the indenter tip radius the higher the critical 

pop-in stress as the probability of inding a 
dislocation source decreased under the in-

denter. Hence, statistical analysis of critical 
pop-in stresses with different size spherical 

indenters can be powerful tool to analyze 

the distribution of defects those form dur-

ing the manufacturing processes of these 

semiconducting materials.

Summary and Conclusions

The Nanoindenter G200 was used to 

perform spherical nanoindentation ex-

periments on ZnO single crystal and GaN 

freestanding ilm. The load, displacement 
and contact stiffness data were utilized 

to calculate the elastic properties of the 

semiconducting materials. The critical 

deformation stresses — as indicated by dis-

tinct pop-in events during nanoindentation 

— were determined for both samples. Un-

derstanding these critical contact stresses 

help in characterizing the defect distribu-

tion in these semiconducting materials, 

which in turn will be beneicial for their 
manufacturing processes and for designing 

devices with better functional reliability.
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