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Abstract

The mechanical properties of semiconductor materials are related to changes in

electronic and optical properties that may occur during the processing of materials into

wafers and wafers into devices. Recent theoretical models relate hardness in ternary

semiconductor alloys to fundamental atomic properties, but few data are available. This

report details the progress made in exploring methods for mechanical property studies of

these alloys. Three approaches were used: hardness measurements in thick films (10-100

g im) using conventional microhardness techniques; hardness measurements in thin films (<

1 pm) using a nanoindenter; and the growth of bulk samples for use in conventional

mechanical tests.

An isothermal vapor phase epitaxial method was used to grow oriented single

crystal layers of Hgl.IxCdx Te (x from 0.1 to 0.7) on CdTe substrates. The hardness

values ranged from 33 kg/mm 2 to 69 kg/mm2 , which are comparable to hardness values in

the literature obtained using individual bulk samples. Hardness measurements on bulk

samples of ZnxCdlI.xTe (x from 0.0002 to 0.3) ranged from 49 kg/mm2 to 102 kg/mm 2 .

Hardness measurements of two AIxGal.xAs thin films (x=0.30 and 0.35) and undoped

GaAs were made using the nanoindenter. The AI 0 .3Ga0 .7 As film had higher hardness

values than either the GaAs or the A10 .3 5 Ga0 .6 5 As film, which had surprisingly similar

hardness values. Plastic indentation depths ranged from 49 nm to 241 nm, while hardness

values ranged from 6.4 GPa to 8.2 GPa (650 kg/mm 2 to 830 kg/mm 2 ). A polycrystalline

sample of Gaxlnl.IxSb was grown using a vertical Bridgman technique. Hardness values

are -370 kg/mm2 , with a small decrease (7%) in the hardness as x values go from 0.9 to

0.7. Future work is described. -.7c C,:. kor
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I. Introduction

The mechanical properties of semiconductor materials is a topic of practical and

theoretical interest. The mechanical properties relate to the changes in electronic and optical

properties that may accompany the processing of semiconductor materials into devices,

particularly the introduction of dislocations upon thermal processing, slicing, polishing, ion

implantation, and the application of films. Furthermore, the mechanical strength is of chief

concern in the physical handling of wafers during processing and in the integrity of devices

during service. Recent theoretical studies have related hardness in ternary semiconductor

alloys to fundamental atomic properties, but comparison with experiments is limited

because of insufficient information [I].

In spite of this obvious interest, there has been relatively little work done on this

topic. A major reason is the difficulty in the preparation of bulk samples that are needed for

conventional mechanical tests. There is usually a large separation between the liquidus and

solidus on the pseudobinary phase diagrams of such systems, which leads to segregation

during melt growth [2]. Even worse is the tendency in these systems for interface

breakdown, due to constitutional supercooling, thus making crystal growth difficult [2-61.

The objective of this research program is to explore methods for determining the

mechanical properties of ternary semiconductor alloy systems. To achieve this objective,

we are initially exploring three possible approaches: hardness measurements on thick films

(10- 10(1m) using conventional microhardness techniques; hardness measurements on thin

films (< I gim) using a nanoindenter; and bend tests on bulk samples. In the first year, we

have pursued these approaches with the following specific studies: Hg I.-xCdxTe layers (x

ranging from 0.1 to 0.7) were grown on CdTe substrates and microhardness measurements

were made; microhardness measurements were made on bulk ZnxCdlI xTe samples (x

ranging from 0.0002 to 0.3); hardness measurements of AIGaAs and GaAs were made

using a nanoindenter; and bulk growth, microprobe analysis, and microhardness
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measurements of Gaxln I-xSb were accomplished. Details of these activities are provided

below.

II. Vickers Hardness Measurements

Since Vickers hardness measurements are made on both the thick epilayers and on

bulk samples, we review some of the problems encountered in making the measurements.

The Vickers hardness tester consists of a square based diamond pyramid that has an angle

of 1360 between opposite faces [7]. Weights of varying masses are used to apply the load,

while a dashpot controls the loading rate. After the indentation is made, the diagonals of

the indentation are measured at a magnification of 400. The diagonal lengths are then

averaged and transformed into a hardness value.

There are several effects that must be considered in making hardness measurements:

the effect of grain size; the differences in hardness in different grains and across twins; the

photoplastic effect in certain semiconductors; and the effect of the anisotropy of crystals.

The effect of grain size on hardness has been extensively studied in several commercially

available metallic alloys (e.g., mild steels and brass). Hall (as cited in 171) developed an

equation for this relationship:
H = Ho + c L-1/2

where Ho is the hardness of a single large grain, c is usually a constant, and L is the grain

diameter. This increase in hardness with decreasing grain size arises from the pileup of

dislocations at the grain boundaries. We believe that the ternary semiconductor alloys

would behave similarly, but since all of our samples are either single crystals or large

polycrystals, we are not concerned with this effect.

We have also investigated how hardness varies from grain to grain and across

twins. Since different grains and twinned regions have different crystal orientations, we

• - would expect changes in hardness as different slip systems are activated. Table I shows

our results of Vickers hardness tests done on CdTe, In-doped CdTe. ZnO 0 2 Cd0 9 8Tc.

and Zn0.04Cd0 .9 6 Te. The Zn0O.02CdO 98 Te and ZnO 04Cd0 06Te samples show little
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change in hardness either in different grains or twins; all the differences can be explained

by experimental scatter. The CdTe and In-doped CdTe samples were etched with the

Nakagawa etch (20 H2 0:20 H20 2 :15 HF) to reveal crystal orientation. The region termed

"twin # I" is oriented in the < I ll> direction, while the "twin #2" region is oriented 18.60

off the <100> direction. The CdTe and In-doped CdTe samples do show some differences

in hardness across twins. The differences are not large (- 10%), but they exhibit a pattern

in that the regions in the <111> direction are harder than the regions 18.60 off the <100>

direction in both sets of samples.

Another possible effect on the hardness of the I-VI ternary semiconductor alloys is

the photoplastic effect (PPE). This photomechanical effect refers to a strong reversible

increase or decrease in the flow stress of a sample (and therefore hardness) when the

material is illuminated with photons of energy near the band gap. The photoplastic effect

has been observed in CdS, ZnO, CdSe, CdTe, Si, and Ge [8-141. Several models have

been proposed "o establish mechanisms for the PPE. Ahlquist and Carlsson [8, 9J

proposed a pinning mechanism arising from the interaction between charged dislocations

and oppositely charged native point defects, whose charges are changed by trapping photo-

induced minority carriers. Gutmanas et al. 111,121 proposed a two-regime model

depending on the magnitude of the applied shear stress, x, with respect to the Peierls force,

t p (the intnnsic lattice resistance arising from bonding directionality). When T > , p,

dislocation motion is controlled by interaction with local obstacles, whose structures are

changed by light (e.g., charged point defects may trap photo-induced minority carriers).

When r < T p, dislocation motion is controlled by the nucleation of double kinks, whose

formation energy is decreased by light. Nakagawa et al. 114,151 have proposed that the

PPE is due to an increase in cross slip induced by electrical forces that arise from photo-

induced charged point defects. Cole et al. 1101 have proposed that any model of the PPE in

HgCdTe must be ba.ed on some modification of the Peicrls force that controls dislocation

motion in HgCdTe
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Since illumination of a sample by the correct wavelength can increase flow stress

and perhaps hardness by as much as 20%, we investigated the effect of normal laboratory

lighting on Vickers hardness measurements. Table II shows our results in CdTe,

Zn0 .04Cd0 .9 6Te, and Hg 0 .2Cd0 .8Te samples. The samples were illuminated with small

incandescent spot lights (in addition to normal lab lighting) that increased the sample's

temperature by no more than a couple of degrees. Normal laboratory lighting is fluorescent

lighting with no added lamps. In the first CdTe sample, there appeared to be a small PPE

(-5% increase in hardness), but the second sample showed no significant difference in

hardness measurements taken in light or darkness. The first Zn0.04Cd0 96 Te sample also

showed a very small increase in hardness (-2%) with illumination, while the second

sample showed no significant differences. The Hg0. 2 Cd0.8Te sample showed no

photoplastic effect.

The last effect we investigated is the effect of crystal anisotropy on hardness. One

may expect that the hardness may change if the sample is rotated, since different slip

systems may be activated, as discussed with A. Sher [15]. Roberts [16] found that Knoop

hardness measurements made on the (001) face of an InSb sample changed by as much as

20% at 20* C as the sample was rotated from 0* to 90* in 150 intervals. We investigated

this effect by measuring the Vickers hardness of a (100) GaAs substrate and a (110)

GalnSb sample as they were rotated in 150 intervals. As can be seen in Figure 1, there

appears to be some change in hardness as a function of angle of rotation, but no clear

pattern emerges.

Since Vickers hardness measurements were performed on both the thick epilayers

and on bulk samples, we investigated the various problems encountered in making the

measurements: the effect of grain size; the differences in hardness in different grains and

twins; the photoplastic effect; and the effect of the anisotropy of crystals. We have found

that all of these effects are either not applicable to our samples or are so small as to be

negligible in making accurate hardness measurements.

4
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III. Growth and Hardness Studies on Hgl1.xCdxTe Epitaxial Layers

Thick films (5-20 .m) can be grown on a substrate using an isothermal vapor phase

epitaxial (ISOVPE) method pioneered by Marfaing et al. [17]. An important new

refinement of this method was made by Fleming [ 18], which was further developed in the

present study to grow single crystal films of variable composition. There are two important

advantages to this ISOVPE method: it is a relatively simple experimental technique and it

produces an epilayer with a variation in composition. Thick films of Hg l-xCdxTe were

grown on CdTe substrates. The method consists of placing a CdTe substrate in a vertical

orientation with respect to a Te-rich HgTe source in an enclosed evacuated quartz ampule

and annealing it at a constant temperature. Figure 2 shows a schematic diagram of the

capsule. The resulting epilayer is quite thick (10-100 im) and conventional microhardness

measurements can be made. Futhermore, the composition varies in the epilayer and

hardness can be determined as a function of composition for an oriented single crystal

layer. Figure 3 shows hardness values as a function of the values of x in the Hg 1-xCdxTe

epilayers ranging from 0.1 to 0.7. The hardness values range from 33 kg/mm 2 to 69

kg/mm 2 , which are comparable to hardness values determined by Cole et al. [10], who

used individual bulk specimens grown by the Bridgman method. Figure 4 shows how our

data compare with the data of Cole et al., Kurilo et al., Sharma et al., and Koman and

Pashovskii [10]. Although there is some scatter in our data at higher x values, they are in

agreement with Cole's data. Our method is an efficient way to survey a broad range of

composition on a single oriented epilayer rather than measuring separately prepared

samples of different orientation.

It is possible that the ISOVPE method can be used for systems other than HgTe and

CdTe [ 17,19]. The limitations are the lattice mismatch and the relative vapor pressures of

the components. Possible semiconductor systems that may be grown by this method are:

ZnTe-HgTe; ZnTe-CdTe; HgTe-PbTe; HgTe-GeTe; GeTe-PbTe; GaP-InP; GaAs-InAs;

GaP-GaAs; and InP-InAs. Table I lists the lattice mismatch and melting temperatures for
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the candidate systems. The systems with the smaller lattice mismatch should produce

epilayers of higher quality than those with larger lattice mismatch. We will explore this

method with the most promising of these systems and, if good quality films of sufficient

thickness can be grown, microhardness measurements will be made as a function of

composition.

IV. Vickers Hardness of ZnxCdi1-xTe

We investigated the hardness of ZnxCdl.xTe to see if it exhibits the nonlinear

hardness behavior seen in HgCdTe. Our samples included CdTe and ZnxCdl.xTe samples

with x values ranging from 0.0002 to 0.3. The samples were bulk crystals grown by the

Bridgman technique here at Stanford. Figure 5 shows the Vickers hardness as a function

of the x value of ZnxCdl.xTe. Hardness values range from 49 kg/mm 2 to 102 kg/mm2 .

This strengthening effect is in agreement with the theoretical predictions of Sher et

al. [20]. They predict that the hardness of tetrahedrally bonded semiconductors is a strong

function of the reciprocal of the bond length. When ZnTe (with a bond length of 2.643 A)

is added to CdTe (with a bond length of 2.805 k), the alloyed ternary semiconductor has a

shorter bond length than pure CdTe. This should result in an increase in hardness, which

is seen in our data. Qadri et al. [21] have published compression data that indicate that

Zn 0 .0 4 Cd0 .9 6 Te is about 2% stiffer than CdTe. Our hardness data indicate that the

strengthening effect (as evidenced by the Vickers hardness) is much more than 2%. We are

presently exploring the growth of ZnxCdl.xTe samples at higher values of x using the

close spaced vapor transport method to extend the hardness versus composition curve.

V. Nanoindenter Studies

Most films prepared by MBE or MOCVD are < 0.1 gtm and conventional

microhardness measurements cannot be made on such thin films. A new instrument, the

nanoindenter, shows promise for obtaining meaningful measurements on such films. The

nanoindenter has several potential advantages: hardness can be obtained over a small area

and on very thin films; indentation imaging is not needed; and hardness can be monitored

6
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continuously with depth. Important capabilities of the nanoindenter include a minimum

indentation depth of 200 A; force resolution of 0.5 pN; displacement resolution of 2 A; and

a typical indentation rate of 30 A/sec [22].

Three samples were tested in the past year using the nanoindenter: a (100) undoped

GaAs wafer and two AlxGaI -xAs films, deposited on GaAs by MBE, with thicknesses of

~3000 A and compositions of x=0.30 and 0.35. The AlGaAs samples were provided by

Dr. Martin P. Scott of Hewlett Packard.

Figure 6 shows the hardness as a function of effective depth (i.e., plastic depth) of

the indentation from the three samples. The effective depth values range from 49 nm to

241 nm and the hardness values range from 6.4 GPa to 8.2 GPa (650 kg/mm 2 to 830

kg/mm2 ). The hardness of the GaAs and the Al0.35GaO.65As samples increased 20% and

22%, respectively, as the effective depths went from 67 nm to 241 nm. The hardness of

the AlO.3 Ga 0 .7 As sample increased only 5% as the effective depths went from 49 nm to

241 nm. The Al0 .3 Ga 0 . 7 As film shows higher hardness values than either the GaAs

substrate or the Al0 .3 5 Ga0 .65 As film; however, the hardness values changed only slightly

with composition. A literature search revealed only two papers reporting the hardness of

AlAs or AlGaAs. Borshchevskii and Tretiakov [23] found the Vickers hardness of AlAs to

be 505 kg/mm 2 . Swaminathan et al. [24] reported the Knoop hardness of n-type

AlxGaI -xAs (x=0.057-0.079) to be 669 kg/mm2 as compared to 640 kg/mm 2 for n-type

GaAs and that of p-type AlxGal.IxAs (x=0.057-0.079) to be 601 kg/mm 2 as compared to

598 kg/mm2 for p-type GaAs. From these data, we conclude that the AlGaAs films should

be slightly harder than GaAs. The very small differences between the hardness values of

the GaAs substrate and the A10 .35 Ga0 .65As film may arise from an unexpected influence

of the GaAs substrate or the hardness values may be a maximum close to x values of 0.30

and trending towards even lower values.

Doerner et al. [25] have found a thickness effect on the strength of Al and W thin

films deposited on Si substrates. The hardness of the Al films increased for decreasing
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film thickness, while the hardness of the W films decreased for decreasing film thickness.

They suggest that dislocations generated in the interior of the film are repelled from the

interface when the substrate is elastically stiffer than the film (as for the Al film), while they

are attracted to the interface when the substrate is more compliant than the film ( as for the

W film).

Future work will include: measuring the hardness of more AIxGal-xAs films at

different values of x to answer the above questions; measuring the hardness of In .xGa x As

thin films to compare with the predictions of A. Sher; and investigating the influence of the

substrate on the hardness of the films for different film thicknesses.

VI. Bulk Crystal Growth of Gaxln I-xSb

The pseudobinary semiconductor, GaxInl-xSb, was chosen for bulk growth

because the melting temperature is fairly low and because there is considerable literature on

the growth of this system arising from an interest in its use for Gunn devices and three-

level oscillators [26]. Single crystal growth of GaxInl-xSb is difficult because of the high

segregation of GaSb in InSb, interface breakdown due to constitutional supercooling, and

low diffusion rates in the material [27]; however, we expect to obtain coarse grained

samples of varying composition suitable for microhardness measurements.

A bulk sample was grown by a vertical Bridgman technique using an encapsulated

crucible. The liquid was homogenized by a five day anneal and growth was made at an 0.8

mm/day rate. The ingot was then removed and sectioned. Micrographs of polished and

etched longitudinal and transverse sections are shown in the seven month progress report

submitted in November 1986.

Microprobe analysis was performed on the ingot, giving the composition profile

seen in Figure 7. The sudden change in composition was the result of a premature

termination of the crystal growth which was required to accomplish hood repairs. The

quenched section of the ingot consists of very small grains (1 mm), while the region of

slow growth has quite large grains (some as long as 20 mm). Figure 8 shows Vickers

8
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hardness as a function of composition. The hardness values are approximately 370

kg/mm 2 with a -7% decrease in hardness as the x values go from 0.9 to 0.7.

Another Bridgman crystal growth at a lower value of x (nominally, x=0 3) is in

progress. We will also investigate two additional techniques for obtaining single crystals:

stress annealing [28]; and solid state recrystallization [29]. If sufficiently large samples can

be made, other mechanical tests, such as bend tests and impact tests, will be explored. In

addition, we will confer with other investigators regarding the determination of the elastic

constants for these alloys.

VII. Summary

The research activity for the first year of our study of the mechanical properties of

ternary semiconductor alloys has been described. We report progress in three areas: thin

films; thick films; and bulk samples. Conventional microhardness measurements were

made on oriented single crystal layers of Hg 1 -xCdxTe, with values of x ranging from 0.1

to 0.7. The hardness values ranged from 33 kg/mm 2 to 69 kg/mm2 and were comparable

to those reported by Cole et al. [10], who used individual bulk crystals of unknown

orientation. Vickers hardness measurements were also made on ZnxCdl-xTe samples with

x values ranging from 0.0002 to 0.3 and hardness values ranging from 49 kg/mm 2 to 102

kg/mm 2 . An increase in hardness supports Sher's theory of bond strengthening.

Hardness measurements were made on two thin films of AlxGal-xAs (x=0.30 and 0.35)

and a (100) undoped GaAs wafer. The measured hardness of the A10 .3Ga 0 .7 As film was

only slightly higher than either the GaAs substrate or the A10.3 5 Ga0 .6 5 As film, which

have similar hardness values. There is a surprisingly small change in hardness with

composition in this system, which is still being analyzed. A bulk crystal of Gaxlnl-xSb

was grown using a vertical Bridgman technique and microhardness measurements and

microprobe analysis were done. The hardness values averaged 370 kg/mm 2 with a small

decrease (-7%) as the x values went from 0.9 to 0.7.

9
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Work continues in each of the three areas of study. The ISOVPE method will be

explored in other semiconductor systems (e.g., ZnTe-HgTe, GaP-InP) and, if good quality

films of sufficient thickness can be grown, microhardness measurements as a function of

composition will be made. The hardness of AlxGal.xAs thin films of varying x values

will be measured to answer the questions mentioned previously. If samples can be

obtained, the hardness of In 1.xGaxAs thin films will also be measured to provide an

experimental basis for A. Sher's theoretical model. Two techniques to produce grain

coarsening, stress annealing and solid state recrystallization, will be studied using

Gaxlnil-xSb bulk samples.

There are exciting questions and trends arising as this research progresses. Both

ZnxCdl_xTe and Hgl.xCdxTe ternary alloy systems show substantial hardness increase

above a simple linear law (at least at the lower values of x). This implies a substantial

' . "alloy hardening effect" in these pseudobinary systems. Will there be similar trends in

N other pseudobinary systems, for example, in the AlAs-GaAs system? There are also

questions of substrate effects and interface strain on the film hardness values. How

significant are substrate effects on the measured microhardness and are these factors

important only near the film-substrate interface? A related question concerns the difference

in hardness of strained layer superlattices (such as Si-Ge) and the corresponding

homogeneous alloy.

10
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TABLE I. The Effect of Grains and Twins on Vickers Hardness

Sapl rain rTwin Vickerg Hardness
(kg/mm2 )

Zn0 0 2CdO. 9 8Te twin #1 55.7 (2.O)*
twin #2 56.90(.3)
grain # 1 54.8 (3.5)
grain #2 54.4 (2.7)

ZnOo04CdO9q6Te grain # 1 60.7 (1.4)
grain #2 60.3 (0.9)

CdTe sample #1I twin # 1 48.4 (2.1)
twin #2 44.4 (1.0)

CdTe sample #2 twin # 1 47.0 (0.8)
twin #2 42.30(.0)

In-doped CdTe #I twin #1 50.0 (1.6)
twin #2 44.7 (0.8)

In-doped CdTe #2 twin #1 49.30(.1)
twin #2 43.3 (0.6)

'MTe standard deviation of the data is in parenthesis.



TABLE 11. The Effect of Lighting on Vickers Hardness

l hing Vke Hardnes
(kg/mm2 )

CdTe sample #1 normal lab 50.3 (0.5)*
lamps at lowest setting' 53.0 (0.2)
lamps at medium setting 53.0 (0.4)
lamps at highest setting 53.3 (0.7)

CdTe sample #2 normal lab 50.0 (1.4)
darkness 49.2 (0.7)

Zno.04Cd0 .96Te normal lab 63.4 (0.1)
sample #I lamps at medium setting 65.3 (0.9)

Zn0.04Cdo.96Te normal lab 61.1 (1.5)
sample #2 lamps at highest setting 59.5 (0.9)

darkness 60.7 (1.1)

Hgo.sCdo. 2Te normal 34.6 (0.7)
darkness 33.5 (0.7)

The standard deviation of the data is in parenthesis.

The lamps are 10 watts/cm 2 at the highest setting.



Table III. Lattice Mismatch and Melting Temperatures of Selected
I-VI and III-V Systems

System % Lattice Mismatch Melting Temneratures (K)

ZnTe-HgTe 5.3 ZnTe 1568
HgTe 943

ZnTe-CdTe 6.1 ZnTe 1568
CdTe 1365

HgTe-PbTe 0.3 HgTc 943
PbTe 1180

HgTe-GeTe 7.1 HgTe 943
GeTe 998

GeTe-PbT¢ 7.4 GeTe 998
PbTe 1180

GaP-InP 7.4 GaP 1750
InP 1330

GaAs-InAs 7.0 GaAs 1510
InAs 1215

GaP-GaAs 3.7 GaP 1750
GaAs 1510

InP-InAs 3.2 JnP 1330
InAs 1215

(Lattice parameters and melting temperatures from [17, 30])
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Figure 1. The effect of the angle of rotation on Vickers hardness on a (100) GaAs
substrate and a ( 10) Gao.S1no.2Sb ingot. Error bars are ± one standard
deviation.
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Figure 2. The geometry used in the ISOVPE experiments. Different points on the
substrate are dI fferent distances from the source, which causes a gradient in
composition.



80 " '

70070 U t

K

:- .
60 N

N

NI lilNI

3O

ix

50 x

20

S20 - p p - p p - p - p -. I

00 01 0.2 03 0.4 0.5 06 07 08 0.9 1'0

Vahie of x in tHgl.,CdTc

Figure 3. The Vickers hardness ploned as a funcuon of composion in Hg I .,Cd Te.

, , , .. . . " ' ' I I I I i 'at a l fi f f w I I " ' - A.' -' '



80

ii

8O9

70 a xu  x x

• X a

60 x W

xl xx
0 x Kuioe l

mx U

3r • OuXDt

-alu 40 0 Kin1 et al.x~

;> x~ x~ asamae ihtoeofClKrl ta. Sharma et al. ,

60 X a as e

30

2 0

Hg.,d.e s omaedwih hoe f oeKuil a. Sharma et al. ,
and~~~~~ Komann ahvsi asctdin10)K u=t

I'U
I3



120

100

80

U~60!

40

20

0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Value of x in ZnxCdi..,Te
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analysis.
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