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Abstract A mechanically robust infrared high-index

coating material is essential to the infrared interference

coatings. Lead germanium telluride (Pb1-xGexTe) is a

pseudo-binary alloy of IV–VI narrow gap semiconductors

of PbTe and GeTe. In our investigation, the hardness and

Young’s modulus of thin films of Pb1-xGexTe, which were

deposited on silicon substrates using electron beam evap-

oration, were identified by means of nanoindentation

measurement. It is demonstrated that layers of Pb1-xGexTe

have greater hardness and Young’s modulus compared

with those of PbTe. These mechanical behaviors of layers

can be linked to a ferroelectric phase transition from a

cubic paraelectric phase to a rhombohedral, ferroelectric

phase. Moreover, the strength loss in the layers of Pb1-

xGexTe can be also explained in light of strong localized

elastic-strain fields in concentrated solid solutions. In

addition, it is observed that layers of Pb1-xGexTe are

highly transparent and refractive in the mid- and long-wave

infrared spectral range (*3–40 lm). A conclusion can be

drawn that a mechanically robust infrared high-index layer

can be obtained using Pb1-xGexTe as starting materials.

Introduction

A great variety of optical filters is needed in the design of

remote sensing instruments [1]. An optical interference

filter consists commonly of a stack of transparent layers of

alternating high and low refractive index. The design of

various optical interference coatings, such as antireflection,

high-reflecting dielectric mirrors, band-pass, and edge fil-

ters, is established on the basis of appropriate choice of

refractive index, layer thickness, and the number of layers.

The greater the ratio of the high to the low index the fewer

layers is needed; furthermore, the higher both indices are

the smaller the deterioration of transmission or reflection

characteristics in non-normal incident light. In particular,

high-index coating materials are essential to infrared

interference filters because they are indispensably stacked

up with layers of larger optical thickness. These layers

should be transparent over a wide spectral region in

infrared; preferably, they should have a refractive index

greater than that of germanium, a commonly used high-

index material with an index of 4.1.

Lead telluride (PbTe) is one of the lead chalcogenides,

which has found much usefulness in the fields of thermo-

electricity and infrared detection. Currently, it dominates

the material selection for the design of infrared interference

filters operating in the mid- to long-wave infrared both at

room and reduced temperatures. The combination of its

high index (above 5.5 in the spectral range of long-wave

infrared at room temperature), and its advantage of a

negative temperature coefficient of refractive index

(-2.0 9 10-3 K-1), together with the position of funda-

mental absorption edge, make it much superior to other

infrared coating materials. In single-crystal PbTe com-

pounds, the microhardness is relatively a constant of

*30 HV for the various carrier concentrations [2]. To the

best knowledge, no data is reported on hardness of PbTe

thin films; however, a layer of PbTe is so soft that it can be

scratched easily. As a consequence, an infrared interfer-

ence filters consisting of layers of PbTe is not robust

enough to withstand the damage originated from standard

fabrication processing, such as ‘‘from wafer to chips’’, even
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if more robust low-index materials, like ZnSe or ZnS, are

chosen as an outermost layer.

Lead germanium telluride (Pb1-xGexTe) is a pseudobi-

nary alloy of IV–VI narrow gap semiconductor compounds

of PbTe and GeTe, which shows a ferroelectric phase

transition from a cubic, rocksalt (Oh) paraelectric phase to

a rhombohedral, arsenic-like (C3v) ferroelectric phase [3,

4]. In the past decade, optical constants of thin films of

Pb1-xGexTe as a function of wavelength and temperature

were studied in more details, both theoretical and experi-

mental [5]. Furthermore, a low-temperature stable infrared

narrow-band filter was made using layers of Pb1-xGexTe

[6, 7]. However, the investigation into the mechanical

properties of layers of Pb1-xGexTe remains to be done,

with the exception of the composition dependence of mi-

crohardness for both molten and heat-pressed Pb1-xGexTe

ingots [8].

The aim of this article, therefore, is to exhibit the data

about room temperature Young’s modulus and hardness of

layers of Pb1-xGexTe deposited on silicon wafers; fur-

thermore, to explore the correlation between composition

in layers and their mechanical properties, finally, to com-

bine these results with the investigation into the spectral

transmittances and indices of refraction of layers of Pb1-

xGexTe.

Experimental details

The bulk ingots of Pb1-xGexTe with three Ge concentration

x, 0.10, 0.17, and 0.22, together with PbTe, were synthe-

sized at 1100 �C. The inside surfaces of ampoules were

pyrolized with carbon to avoid reaction of lead with silica.

Subsequently, the resulting ingots were held at 700 �C for

24 h, then cooled down to room temperature with a rate of

10 �C/h. Finally, the ingots were crushed into small pieces

with an approximate size of 5 mm and used as resources

for evaporation.

Deposition of thin films of Pb1-xGexTe was carried out

in a KD500 box coater using a type C6 four-pocket elec-

tron beam evaporator in a background vacuum 2.0 9

10-3 Pa. A beam current of around 20 mA at a voltage of

6 kV was reached and a graphite line was used. The silicon

wafers polished on both sides, with a diameter of 10 mm

and a thickness of 0.8 mm, were used as substrates. A flat

calotte carrying samples rotated at a rate of 30 rpm to

provide good uniformity of thin films. The substrates were

heated below by radiation heaters, and temperature was

sensed by a platinum resistance temperature transducer

pressed against the upper surface of a substrate. The signals

from the transducer were transferred out through a set of

electric-brush and slip-ring to operate a temperature con-

troller and thus maintained a constant temperature of

150 �C, which is thought as an optimum temperature.

Thickness of all layers was monitored by optical reflection

and kept in an approximate value of 2 lm. Five samples in

each batch were deposited to prove the repeatability.

The crystallographic structures of thin films were stud-

ied by X-ray diffraction using Cu Ka radiation on a D/max

2550V diffractometer from 10� to 68� with an accuracy of

0.02�. The energy-dispersive X-ray analysis (EDX) was

done to decide the compositions of thin films from a Horiba

EX-220 energy-dispersive X-ray microanalyzer (model

6853-H) attached to the FE-SEM without coating the sur-

faces of thin films. The optical transmission spectrums

were measured using a Perkin Elmer Spectrum GX Fou-

rier-transform infrared spectrometer with a resolution of

4 cm-1 at the normal incidence. The indices of refraction

were derivate by fitting measured transmission spectrums

using Lorentz oscillator as a dispersion model. More details

can be found in the previous studies [5, 9].

Nanoindentation measurements were performed using a

Nano Indenter G200 (MTS Cooperation, Nano Instru-

ments, Oak Ridge, TN, USA) with a three-side pyramidal

Berkovich diamond indenter of 50 nm radius (faces 65.3�
from vertical axis), under the continuous stiffness mea-

surement (CSM) option. In all cases the loading rate was

1 mN s-1. At least ten indents were performed on each

layer with a maximum load of 13 mN, accompanied with a

corresponding indentation depths no more than 500 nm.

Following the analytic method proposed by Oliver and

Pharr [10], the average values and standard deviations of

the hardness and Young’s modulus of thin films were

extracted from the load–displacement results. A typical

load–displacement curve is presented in Fig. 1 for thin

films of Pb1-xGexTe deposited from a resource material

with a Ge concentration of 0.17.

Fig. 1 A typical load–displacement curve for thin films of

Pb1-xGexTe deposited from an ingot with a Ge concentration of

0.17, the average values and standard deviations are also shown
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Results and discussions

XRD analysis performed on thin films of Pb1-xGexTe

reveals all of them are single-phase with polycrystalline

characteristics, which suggests the formation of a com-

pleted solid solution of PbTe and GeTe. EDX analysis

indicates that element of oxygen cannot be found on the

surfaces; therefore, the possibility of formation of lead

oxide on the surface can be excluded. In addition, other

elements related to contaminations are undetectable, either.

In practice, a strictly congruent melt composition will

typically not be established due to preferential evaporation

losses of one component originated from a large difference

between vapor pressures of PbTe and GeTe. Therefore, a

more accurate formula (Pb1-yGey)1-zTez should be used to

designate the corresponding chemical concentration in thin

films, in order to distinguish the composition from that in

ingot resources. Surprisingly, it can be observed Ge con-

centration (y) in thin films is in a very good consistence

with Ge concentration (x) in ingot resources. A slight

excess of tellurium can be also found in thin films, that is,

Te concentration (z) has a value greater than 0.5; further-

more, with an increasing of Ge concentration (x) in

resources, the excess of tellurium (z) in thin films decreases

gradually. A correlation between y and x, accompanied by

a variation of z with x, are illustrated in Fig. 2. An eye-

guide in the figure labels an exact linear relation of y = x.

In Fig. 3, in order to make a comparison, the hardness

and modulus of thin films evaporated from ingots with

three Ge concentrations x, 0.10, 0.17, and 0.22, together

with PbTe, as a function of the displacement of diamond

dips which are pressed into the surfaces of thin films, are

demonstrated in (a) and (b), respectively. It is obviously

shown that thin films of Pb1-xGexTe have a higher value of

hardness than that of PbTe. The hardness for sample 3,

which was deposited from an ingot with x = 0.22, is not

high as same as those for sample 1 and 2, which were

deposited from ingots with x = 0.10 and 0.17, respectively.

A similar tendency can also be found with regard to

Young’s modulus. As a rule of thumb, to avoid the affect

from substrates, a maximum penetration depth (10% of

thickness of thin films) is defined as the displacement at

which hardness and elastic modulus values are obtained.

Therefore, the values of hardness and Young’s modulus

obtained are listed in Table 1.

Since a complex phase relationships exists for the PbTe–

GeTe system, the apparent abnormality in hardness and

Young’s modulus for sample 3 can be explained in the light

of the phase transition from a cubic paraelectric structure to

a rhombohedral ferroelectric phase. It was pointed out that,

interestingly, although PbTe itself is not ferroelectric, the

addition of even 0.05% Ge to PbTe induces the structural

transition at Curie temperature Tc, which is a strongly

nonlinear function of Ge concentration x, rising from 0 to

230 K from x = 0.005 to 0.10 [3, 4]. Moreover, the phase
Fig. 2 A comparison of concentrations of Ge and Te in thin films

with Ge concentration in ingots

Fig. 3 A comparison of the hardness and Young’s modulus of thin

films evaporated from ingots with three Ge concentrations x, 0.10,

0.17, and 0.22, to those of PbTe. a the hardness. b the Young’s

modulus
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transition occurs at room temperature when x = 0.18.

Therefore, it appears that, at room temperature, a rhom-

bohedral ferroelectric phase structure exists in sample 3;

while a cubic paraelectric structure is attributed to sample 1

and 2. To our best knowledge, a similar phenomenon was

also observed in random copolymers of vinylidence fluo-

ride (VF2) and trifluorethylene (F3E); and a sharp variation

of microhardness can be found at Curie temperature due to

a ferro- to paraelectric phase transformation [11]. A con-

clusion was drawn in the investigation into microhardness

in VF2–F3E copolymers that the measurement of microh-

ardness is an appropriate technique to accurately detect

ferroelectric phase changes. In the PbTe–GeTe system, it

should be noted that a change from cubic symmetry to

trigonal asymmetry can be remarked by measuring the

angular separations of appropriate pairs of reflections, for

example, (hk0) and (k0), which separates from a single line

in the cubic phase, because a gradual variation of the

rhombohedral angle emerges from 90� at x = 0.18 to

almost 88� for x = 1.0, i. e., GeTe. However, this evidence

can not be provided in the investigations because a greater

preferred orientation appears in thin films.

It is usually assumed that the PbTe-based solid solu-

tions, such as Pb1-xGexTe, always exhibit a solid solution

hardening, that is, a rise in hardness as a function of con-

centration x. However, in the investigation, it is revealed

that sample 1 holds an almost same value in hardness as

that for sample 2, although an apparent difference in Ge

concentration x exists between 0.10 and 0.17. As a con-

sequence, it can be thought a strength loss occurs in thin

films.

It is well know that the mechanical properties of mate-

rials depend strongly on the dislocation mobility. However,

in the solid solution of PbTe–GeTe, an isovalent substitu-

tion of Ge ions for Pb ions results in an insignificant

Coulombic interaction between dislocations and substitut-

ing ions. As a consequence, electronic subsystem can not

create an increase in dislocation mobility, like that usually

observed in common semiconductors in low doping levels,

such as Ge and Si, accompanied by strength loss [12]. On

the one hand, it should be emphasized that a strong

localized elastic-strain field is associated with the off-

center site occupation of Pb ion sites by Ge ions, due to a

larger difference between their ions radii; on the other

hand, the influence of the elastic-strain field on dislocation

mobility is very different in concentrated solid solutions

from that in a dilute solid solution. The strength loss in thin

films of Pb1-xGexTe can probably be explained according

to a transition from dilute to concentrated solid solutions.

Although the strain fields related to individual Ge sub-

stituent in solid solutions can not be simply added up, they

have a complex effect on dislocation movement. When the

concentration of Ge substituent reaches a critical level,

these strong localized elastic-strain fields develop into

chains of overlapping strain fields, which can pass through

the entire crystalline grain. Therefore, Ge substituents may

have a cooperative influence on dislocation movement. In

particular, they can notably increase the rate at which

double kinks are generated and, hence, increase dislocation

velocity and reducing stress [8]. Macroscopically, the

strength loss emerges in thin films.

Table 1 Hardness and Young’s modulus obtained at the maximum

penetration depth

Ge concen-

tration x
Hardness

(GPa)

Young’s Modulus

(GPa)

PbTe 0 0.400 ± 0.152 45.379 ± 9.503

Sample1 0.10 2.127 ± 0.187 70.676 ± 3.931

Sample2 0.17 2.119 ± 0.082 94.000 ± 3.700

Sample3 0.22 1.506 ± 0.201 59.249 ± 5.705

Fig. 4 A comparison of the transmittance and indices of refraction of

thin films evaporated from ingots with three Ge concentrations x,

0.10, 0.17, and 0.22, to those of PbTe. a the transmittance. b the

indices of refraction
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In Fig. 4a, the transmission spectrums measured for thin

films of Pb1-xGexTe evaporated from ingots with three Ge

concentrations x, 0.10, 0.17, and 0.22, as well as from

PbTe, were presented. It appears that all of thin films are

highly transparent. With an increasing of Ge concentration

x, the fundamental absorption edge shifts toward long-

wavelength. This ‘‘red-shift’’ is quite in a good agreement

with that reported in the previous studies [13], which can

be attributed to the excess of Te in thin films decreases

gradually. The indices of refraction of thin films were

demonstrated in Fig. 4b. It can be observed that all of thin

films have an index greater than that of germanium; fur-

thermore, the index increases with an increasing of Ge

concentration x. A high value can be obtained in sample 3

approaching to that of PbTe.

Conclusion

It can be concluded in the investigation that a mechanically

robust layer of Pb1-xGexTe can be evaporated with a high

transparence and a high index. However, to take a full of

advantage in this wonderful semiconductor, a choice of an

appropriate Ge concentration x in the ingots is of impor-

tance. A balance must therefore be found between greater

hardness and higher index. In the investigation, a Ge

concentration x = 0.17 seems an optimum condition.
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