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Abstract 

This thesis describes the development and evaluation of a number of new TEM-based 
techniques for the measurement of composition in ternary III-V and II-VI 

semiconductors. New methods of polarity determination in binary and ternary 
compounds are also presented. 

The theory of high energy electron diffraction is outlined, with particular emphasis on 
zone axis diffraction from well-defined strings. An account of TEM microstructural 
studies of CdHg1-, Te and CdTe epitaxial layers, which provided the impetus for 
developing the diffraction-based analytical techniques, is given. 

The wide range of TEM-based compositional determination techniques is described. 
The use of HOLZ deficiency lines to infer composition from a lattice parameter 
measurement is evaluated. In the case of CdxHg1. XTe, 

it is found to be inferior to 
other techniques developed. Studies of dynamical aspects of HOLZ diffraction can 
yield information about the dispersion surface from which a measure of composition 
may be obtained. This technique is evaluated for AIXGal_XAs, in which it is found to 
be of some use, and for CdXHg1. Te, in which the large Debye-Waller factor 

associated with mercury is discovered to render the method of little value. 

A number of critical voltages may be measured in medium voltage TEMs. The [111] 

zone axis critical voltage of CdxHgl_XTe is found to vary significantly with x and 
forms the basis of an accurate technique for composition measurement in that ternary 

compound. Other critical voltage phenomena are investigated. In AIXGa 1-, BAs and 
other light ternaries, a non-systematic critical voltage is found to vary with x, 
providing a good indicator of composition. 

Critical voltage measurements may be made by conventional CBED or by various 
other techniques, which may also simultaneously yield information on the spatial 
variation of composition. The use of diffraction contrast imaging, large angle CBED 

and convergent beam imaging is evaluated and shown to have some advantages for 

flat samples. 

In studies of growth mechanisms, microstructures and even macroscopic properties, 
knowledge of the polarity of a zincblende structure crystal may be valuable. Methods 

of polarity determination are surveyed. Two new TEM-based techniques are 
described and results from a range of II-VI and III-V semiconductors are presented. 
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CHAPTER 1 

THEORETICAL AND COMPUTATIONAL ASPECTS OF 

ELECTRON DIFFRACTION 

1.1 The theory of dynamical electron diffraction 

Various theoretical approaches have been used for the formulation of the dynamical 

theory of electron diffraction. In this thesis, methods based on that given by Bethe 

(1928), in which the wavefunction for fast electrons within the crystal is represented 

by a linear superposition of Bloch waves, are used. Other methods include the wave- 

optical theories of Howie and Whelan (1961) and Cowley and Moodie (1957). The 

former is similar to the X-ray diffraction theory of Darwin (1914) while the latter is a 

multislice method. Berry (1971) developed a real-space theory in which the crystal is 

considered as a periodic array of potential wells, with transmission and reflection of 

the incident electrons at the well boundaries. The treatment given below does not 

purport to be a definitive text; it gives the important basis of electron diffraction 

theory, it is hoped in a form which will be of use for future students. 

The starting point in the wave mechanical (Bethe) approach is the Dirac equation. 

Fortunately, the effects of spin are negligible and it is permissible to solve the non- 

relativistic Schrödinger equation with the relativistic values for electron mass and 

wavelength (Fujiwara 1961). Since the scattering to be considered is elastic, the 

electrons remain with their (known) fixed energy. The uncertainty principle prevents 

us knowing the time at which they pass through the crystal and they are represented as 

plane waves outside the crystal and the Schrödinger equation is time-independent (we 

seek steady-state solutions). 
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The Schrödinger equation is 

[(-i2/2m)V2 + v(r)II', (r) = 'p(r) Ill 
where v(r), the potential energy of the electron, is intrinsically negative, having 

minima at the atomic positions and being zero outside the crystal, and ! is the total 

energy of the electron. v(r) is written in terms of the (intrinsically positive) crystal 

potential V(r) 

v(r) = -eV(r) 

and 

E= eE 

where E is the accelerating potential. Thus 

V2i, (r) + (2meffi2)[V(r)+E]i(r) =0 [2l 
The crystal potential can be expressed as a Fourier series based on the reciprocal 

lattice 

V(r) = 
ZgVgexp(Z3rig. 

r) [3] 

In calculations the potential is constructed from tabulated atomic form factors (e. g. 

Doyle and Turner (1968) and §3.4) and the crystal structure. It is usual to define 

Ug=2meVg/f2 

The modified potential U(r) varies with accelerating potential through the electron 

mass, m. Since the potential is real, V(r) =V*(r). If the crystal is centrosymmetric, and 

the origin is taken at the inversion centre, V(r)=V(-r), so Ug Ug*=U_g. 

Bloch's theorem for an electron propagating in a periodic potential demands wave 

functions of the form 

V(r) = µ(k, r)exp(2xik. r) [4] 

where µ is a Bloch function, which has the periodicity of the potential and hence of 

the lattice 

µ(k, r) = YgCg(k)exp(2xig. r) [51 

so 

Vr) =. gCg(k)exp(2ni(k+g). r) 
[61 
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which has been expressed as a sum of plane waves with amplitudes Cg; the incident 

wave has wave vector k and diffracted waves have wave vectors k+g. This 

wavefunction is called a Bloch wave and represents one possible solution of the 

Schrödinger equation. Other expansions in terms of tight binding wavefunctions or 

other complete sets are equally valid. 

The most general solution is a linear combination of Bloch waves. Each Bloch wave 

has a different kinetic energy and a different potential energy, but all Bloch waves 

have the same total energy. Each Bloch wave has a different k. The total 

wavefunction IF(r) is expressed as 

W(r) = j; j, 0)*Q)(r) [71 

where 6(j) is the excitation coefficient for Bloch wave j, i. e. 

T(r) = EjE(j)YgCg(i(k)exp(2xi(k()+g). r) [81 

All solutions ui(r) of the Schrödinger equation can be defined in the first Brillouin 

zone. 'GI(r) remains unaltered if 0 is replaced by k(il+g. The solutions for i(I(r) 

repeat themselves periodically through reciprocal space. The Bloch waves at two 

equivalent reflecting positions are identical, but not the total wavefunction W(r), since 

the excitation coefficients E(j) depend on the crystal orientation, when boundary 

conditions are considered. The total energy restriction on the Schrödinger equation 

determines the allowed kG> and the Cg(i) associated with them, but cannot predict 

which Bloch waves are excited in a particular situation. 

Substituting expressions [3] and [4] above for V(r) and '(r) into the Schrödinger 

equation [1], and defining 

K2=2me(E+Vp)/if2 

gives 

[91 

Tg{[K2-(k+g)2]Cg + 1,: gUg-hCh)exp(2ni(k+g). r) =0 [10] 

K is the magnitude of the mean electron wave vector in the crystal after allowing for 

the mean crystal potential. 
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The equation above holds for all points r, and the condition that a sum of exponential 

terms is zero for all r is that the coefficient of each exponential term itself must 

vanish. Hence the set of equations 

[K2-(k+g)2]Cg + *gUg-hCh =0 [11] 

There is one equation for each reflection g considered; for n reflections there are n 

equations each consisting of n terms and n different Bloch wave solutions. The 

particular usefulness of the Bloch wave formulation becomes apparent when it is 

noted that diffraction is very often dominated by a small number (e. g. 3) of Bloch 

waves. The set of n equations is a set of linear homogeneous equations and is 

conveniently written using matrix notation 

AC=0 [121 

where C is a column vector whose elements are the amplitudes Cg(J) for Bloch wave j 

and A is a nxn matrix, with diagonal elements 

a,, =K2-(kO)+g)2 

and off diagonal elements 

agh=Ug-h 

To proceed to the eigenvalue equation (the secular equation), it is necessary to invoke 

the high energy approximation. Since the Vg are typically less than or of the order of 

10V and for fast electron diffraction, accelerating voltages are typically 105V, it can 

be seen that K'skO). For fast electrons, K»g and so Kak(i)+gl . At the entrance 

surface of the crystal, the incident plane wave must be matched to the total 

wavefunction W(r) inside the crystal. Quantum mechanics tells us that Wi' and VIP 

must be continuous for continuity of current at an interface. Thus all the Bloch waves 

must have the same tangential component ktO) of 0 in the symmetric Laue case (g 

parallel to the surface) and their components perpendicular to the surface, k, (), reflect 

the different kinetic energy of each Bloch wave. Thus 

K2-(k()+g)2 can be replaced by 2K(K-kzQ))-(kt+g)2 

in the high energy approximation with the application of the conventional boundary 

conditions. 
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The matrix equation [12] can then be expressed as 

A[CgW] = (kzQ)-K)[Cg(»] [13] 

which is an eigenvalue equation for eigenvalues (kZG)-K) and corresponding 

eigenvectors CgO). 

The application of the high energy approximation neglects back reflected waves. 

Clearly, alternative formulations and different geometry (Bragg case) are required in 

the case of RHEED. The requirement for g parallel to the surface restricts g to the 

zeroth layer of the reciprocal lattice; a modified treatment is needed if higher order 

Laue zone reflections are to be included. 

The complete solution to the diffraction problem is thus found from the n 

eigensolutions of the nxn matrix A 

_ks 
2 U_ 

... U_h U, 
-(ktf g)2. U 

-h 

COG) 
C 0) _ (kzQ)-K) COG) 

0) C 
[14] 

g 8 

Uh Uh-g 
.... -(kt+h)2 Ch0) Cho) 

Notice that the modified crystal potential is contained in the off diagonal elements 

and the crystal orientation in the diagonal elements. The n eigenvalues are the n 

values of (kZO)-K) and the corresponding eigenvectors define the coefficients Cg(». 

The eigenvectors form a complete orthogonal and normalised set. 

The solution of the matrix equation at orientations of interest by numerical methods 

forms the core of all the diffraction calculations presented in this work. The matrix is 

turned into diagonalised form in order to obtain the eigenvalues and eigenvectors. 

Computation methods usually make use of "black box" diagonalisation routines for 

the various types of matrices encountered. 
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The excitation amplitudes of the Bloch waves in the crystal are determined by the 

boundary conditions. For continuity of the wavefunction at the top crystal surface for 

an incident beam of unit amplitude 

ýýEO)C0O) =1 [151 

thus 

EQ) =Coo)* [16] 

The electron wavefunction at the bottom of the crystal of thickness t is 

W(t)=lje() gCg(Dexp(2xi(k()+g)Zt) = IjEG>XgCg()exp(2itikzO)t) [17] 

(r=tz and g. z=O), and the amplitude of the gth diffracted beam is 

ag(t) = T-160)Cg(»exp(2xikzO)t) [181 

Thus the diffracted beam amplitudes are easily calculated from the eigenvalues and 

eigenvectors. 

Similar treatments to that presented here can be found in Humphreys (1979), Howie 

(1978), Metherell (1976), Self et al. (1983) or Bird (1989). Metherell gives a careful 

account of the effect of the approximations made and discusses cases other than the 

Laue geometry. 
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1.2 The two beam approximation and the dispersion surface 

If the crystal is oriented so that one diffracted beam is much stronger than all others, 

there are only two significant terms in the Bloch wave expansion. Such situations may 

be achieved experimentally away from major zone axes and when the accelerating 

voltage is not too high. The equations presented previously reduce to the 2x2 form 

COO) [19] (1/2K) (-k2 U coo) = [kZG)-K] II 
lgtg2LgJ Cgo) 

For a given value of kt, i. e. a given crystal orientation, there are two values of kZW, 

k7(') and k, (2). If the variation of kZ(') and k, (2) with kt is displayed graphically, the 

so-called dispersion surface is generated. The curve for a particular Bloch wave (one 

of two in this case) is called a branch of the dispersion surface. This plot of the 

allowed values of (kZ K) as a function of orientation is the electron diffraction 

equivalent of the E versus k curves of band theory. 

In the "free-electron" case (moving within the mean crystal potential), Ug U_g 0, the 

equations predict that the electron wavevector should lie on one of two free electron 

parabolae, approximated in the region of interest, by spheres of radius K, one centred 

on the origin and the other on g: The spheres intersect at the Brillouin zone boundary 

(BZB); see figure 1. When Ug#0, the degeneracy at the BZB is removed and near the 

BZB the dispersion surface branches become hyperbola, asymptotic to the free 

electron spheres, which are themselves well approximated as planes since Kttg (figure 

2). Away from the Brillouin zone boundary, the sphere approximation is of course 

unrealistic since there are many other reciprocal lattice points, each with its own 

sphere, i. e. a particular two beam situation is applicable only over a small region of 

reciprocal space. 

The dispersion surface for n beams may resemble that formed from n spheres, but it is 

usual for the first few Bloch waves to be associated with branches which have little 

7 



BZB 

Figure 1. The dispersion surface construction in the kinematic case. 

0 

Figure 2.2 beam dispersion surface. 



variation in kZ with orientation, i. e. non-dispersive branches. The remnants of spheres 

can be seen in higher branches, especially away from the Brillouin zone boundaries. 

Figure 3 shows a dispersion surface for a systematic row. The dispersion surface 

repeats itself in the extended zone scheme, but the excitations of the various branches 

do not, high excitations tending to reside close to the sphere centred on the origin. 

The inverse of the separation between two branches k, (P) and kz(P+I), [kz(P)-kz(P+1)]'1, 

gives the extinction distance between the two branches. When two branches dominate 

the diffraction (at or near two beam orientations), the extinction distance ig has the 

simple form 

tg = (KcosOB)/Ug [20] 

which is applicable at the Bragg condition. For crystals of varying thickness, fringes 

may be observed as the intensity interchanges between the transmitted and diffracted 

beam, the intensity in the diffracted beam being zero for t=mfg (m is an integer) 

(Humphreys 1979). Extinction lengths are usually some hundreds of Angstroms. 

The concept of the extinction length is useful in assessing whether or not a kinematic 

approximation may be applicable. In such a treatment, only single scattering is treated 

(scattering back to the transmitted beam is not included). Such an approach has useful 

predictive and interpretive value for thicknesses much less than one extinction length. 

For most reflections in typical samples (ä 1000A), such a treatment is totally 

inapplicable, but for reflections with large g, such as those lying in the higher order 

Laue zones (see later), and for zero layer reflections well away from the Bragg 

condition (large s), the larger ig may be comparable with or more than the sample 

thickness. 
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1.3 Absorption 

Inelastic scattering causes electrons to lose energy and also in many cases to be 

angularly scattered out of Bragg reflected beams. An account of the various processes 

which operate was given by Humphreys (1979). When an objective aperture is used in 

imaging, many of the inelastically scattered electrons are excluded from the image, 

and, for the purposes of image interpretation and simulation, can be thought of as 

having been absorbed. Some inelastic scattering processes, notably plasmon 

scattering, are sharply peaked about the forward scattered and Bragg reflected beams 

and are not excluded. In some microscopes they may be removed by energy-filtering, 

but in general they contribute in a significant way to images and diffraction, which is 

not yet widely understood. The effects of "absorption" on diffraction are more subtle. 

Intensity is lost from Bragg reflections and contributes to an inelastic background. 

Depending on their localisation in real space, different Bloch states may be absorbed 

differently. 

The conventional method of modelling absorption is to modify the crystal potential by 

including an imaginary part. For fast electrons, a first approximation to the crystal 

potential is a screened Coulombic, Hartree-Fock potential, for the elastic scattering 

plus an imaginary part proportional to the elastic part (Yoshioka 1957): 

V(r) --> V(r) + iV'(r) 

The magnitude of V(r) is typically less than or equal to 10% of the real part of the 

potential, but depends on g and on temperature. Figure 4 shows values of Vs /Vg as a 

function of g for various elements (Humphreys and Hirsch 1968). The wavevectors 

0 become complex: 

kG) -ý kG) + iqQ) 

and the total wavefunction is then given by 

W(r) = XjE(i) 
gCgU)(k)exp(2iL(k()+g). r)exp(-2xgU). r) [211 
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Each Bloch wave is exponentially attenuated as it propagates through the crystal. The 

conventional boundary conditions dictate that qO) is along the inward surface normal 

for all j. The effect of absorption is to make the Bloch wave excitation amplitude 

thickness dependent, 

sG)(z) = , 
G)exp(-2xq()z) [22] 

The matrix A in the secular equation considering only elastic scattering was 

Hermitian, since U(r) was real and therefore Ug U*_g. Since the imaginary part of the 

potential iU'(r) is purely imaginary, Ug =U. g *, it is clear that 

(Ug+iUg) ; (U_g+iU_g )* 

since 

(U_g+iU_g')* = U_g*-iU_g *= Ug-iUg 

Hence the matrix A for an absorbing (general) crystal is not Hermitian, but a complex 

general matrix, the eigenvalues and eigenvectors of which can be found with some 

difficulty. In the centrosymmetric case. Ug=U_g and U; =U.; and A is a complex 

symmetric matrix. 

In some applications, particularly when degenerate or near-degenerate eigenvalues 

occur (for example at or near critical voltages), it is best to diagonalise the complex 

matrix. It is less time-consuming, and usually an adequate approximation, to treat 

absorption as a perturbation since V'(r) is small compared to V(r). In a treatment 

using non-degenerate perturbation theory (e. g. Humphreys 1979) the wavefunction is 

unchanged to first order and hence the CgO) are unchanged. The qO) are calculated 

from the eigenvectors and the matrix of the U'(r) Fourier coefficients 

qG)=(1/2K)[CoO)*CgU)*........ ] Uo, U1 ..... Cpq) [23] 
Ug U0.... Cgýý 

The dominant contribution to Vg for g*0 is thermal diffuse scattering. A treatment of 

thermal diffuse scattering as the dominant mechanism for absorption was given by 

Allen and Rossouw (1989). Recently Bird and King (1989a, b) have published 
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absorptive form factors for thermal diffuse scattering derived from calculations based 

on the Einstein model. Like the elastic atomic scattering factors of Doyle and Turner 

(1968), because the absorptive potential can be expressed in terms of atomic 

contributions, the data of Bird and King can be used in all materials; the use of the 

Einstein model allows progress away from the insurmountable problem of the details 

of absorption processes being different for every material. Using Bird and King's 

absorptive form factors is a better approximation than the simple direct 

proportionality between V(r) and V'(r) discussed earlier, since the variation of Vg/Vg 

with g is included. This improved treatment is particularly valuable for non- 

centrosymmetric crystals; absorption causes a symmetry breaking at the structure 

factor level which is not included in the conventional treatment. In non- 

centrosymmetric crystals Vg and Vg need not have the same phase and the total 

potential coefficient may be influenced since 

IVg+iVg2I _ IVgI2+IVg j2+2IVgVg'jsin(4g-fig). 

In zincblende structure materials the ratio Vg /Vg is rapidly varying and largest for 

4n+2 type reflections, becoming larger as the temperature increases; for details see 

Bird and King (1989b, c). In using first order perturbation theory in the conventional 

method, first order changes to the eigenvector are ignored. Absorption-produced 

asymmetries may be contained entirely within first order changes to the eigenvectors, 

and in order to treat these effects properly, Bird (1989) concludes that the full 

complex diagonalisation must be used. 
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1.4 Higher order Laue zone reflections 

In applying the conventional boundary conditions, it was assumed that g2=0, that is 

that the normal to the entrance surface of the crystal is perpendicular to all the 

reflections g excited by the incident electrons. If HOLZ reflections are to be included, 

or if the surface is inclined to the electron beam direction, the assumption is invalid. 

Metherell (1976) discussed the solution in this more general case. The matrix A 

becomes of size 2nx2n. It is possible to write the equations in eigenvalue form and the 

eigenvalues are, in general, complex even when the Ug are purely real. 

In practical electron microscopy, few effects are visible which can be ascribed to 

inclined surfaces, and the necessary modification to - the theory is usually ignored. 

Gjonnes and Gjennes (1985) showed that in some situations Bloch wave amplitudes 

could be changed by a few percent due to inclined surfaces. Goodman (1974) 

discussed the effect of the crystal shape and inclination on the symmetries visible in 

convergent beam patterns. Roussouw (1990) has performed calculations predicting 

asymmetry in HOLZ intensities due to tilt. For example when a [111] sample of 

silicon is tilted to [100], the [022] mirror is broken in the HOLZ ring. This seems to 

be a case in which tilt cannot be ignored. 

HOLZ reflections are usually treated as a perturbation rather than by solving the exact 

three-dimensional version of the secular equations. When the crystal is thinner than 

HOLZ extinction lengths, a pseudo-kinematic approximation may be used in which 

only single HOLZ scattering events are allowed. The diffraction into HOLZ 

reflections is modelled by outgoing plane waves. 
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1.5 Analytical solutions of the dynamical equations 

If the crystal orientation is one of high symmetry, and only a few reflections are 

considered, it is often possible to make progress with the solution of the dynamical 

equations without using numerical methods. Symmetry may require that relations 

exist between the amplitudes Cg(i) of the different Bloch waves and the complexity of 

the dynamical equations is reduced, while the physics is still recognisable within the 

mathematics. 

Consider the three beam systematic case (-g, 0, g). Equivalent results hold for (O, g, 2g); 

as discussed earlier the eigenvalues are the same and the eigenvectors permute. The 

general n-beam systematic case is discussed later (§4.2), building on the results 

described here. For a centrosymmetric crystal, 

2-k92-g2 Ul U2 C. 1 =0 [24] 
Ul K2-kZ2 

2 
Uý 

2 
C0 

U2 U1 K -kZ -g Ci 

By the symmetry of the situation, a rotation of x about the z axis (crystal entrance 

surface normal), leaves the physics of the problem unchanged. Interchange of the 

quantities C1 and C_1 multiplies the Bloch wave only by a phase factor exp(i38). By 

performing the interchange twice, a rotation of 2x is achieved, and hence the original 

wavefunction must be reproduced. Thus 

exp(i2x8)2=1 

and 8 is an integer. The Bloch wave eigenvectors must be of the form (-a, O, a) for odd 

8 and (c, b, c) for even 6. A single solution corresponds to odd 8 (antisymmetric 

solution), C. 1=C1=1/, /2 and the eigenvalue can be found from the equation 

K2-k 2-g2 = U2 

i. e. 

K-kZ=(U2+g2)/2K 

13 



Two solutions correspond to even 8 (symmetric solutions) 
(K2-kk2-g2)c + bUl +cU2 =0 

and 

2cU1 + (K2-kk2)b =0 
Combining these, the eigenvalues are 

K-kr = {-(U2-g2) ± 4[(U2-g2)+8U12]}/4K 

The negative root is seen to be the more strongly bound (branch 1). 

Thus fairly simple algebra allows eigenvalues to be determined without the use of a 

computer. In f. c. c. materials, a five-beam calculation may be performed at the exact 

[1001 orientation, taking account of the 020,002,0-20 and 00-2 reflections which are 

labelled 1,2,3 and 4 respectively. The Bloch waves have five plane wave 

components. The dynamical equations (see §1.1) are 

K2-k, 2 U21 
2 

U1 Ul U1 Co =0 [251 

U1 
UýU2 

k2-1Z2-g2 U2 U3 C2 
U1 U3 U2 f<2-22Z-g2 U2 C3 
U1 U2 U3 U2 K2-k 2-g2 C4 

where U1=U200, U2=U220, U3=U400 and g is the length of the (002) vector. The 

Bloch waves can be classified by their symmetry under a rotation of x/2 which leaves 

the crystal unchanged. Such a rotation multiplies all the components of the wave by 

exp(in8/2), and since a 2x rotation returns the wavefunction to its original form, S 

must be an integer. The Bloch waves are 

6=0, [a, b, b, b, b]; 

6=+1 [0, c, ic, -c, -ic] 
6="1 [0, d; id, -d, id] 

6=2 [0, e; e, e, -e] 
For normalisation c=d=e=1/2. By substitution: 

for 8±1, (k2-K)=(-g2-U3)/2K 

for8=2, (k2-K)=(-g2-2U2+U3)/2K. 
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For 6=0 there are two solutions given by 

(K2-k2) (K2-kZ2+2U2+U3-g2)-4U12 = 0. 

Symmetry dictates that, exactly on axis, only the 8=0 states Os and 2s-like in the 

terminology of §1.6.1) are excited. 

A similar treatment could be described for a seven-beam calculation at the [111] 

orientation; this is discussed in §4.3. 

An example of a four-beam case occurs near [001], when the Ewald sphere passes 

exactly through the four reciprocal lattice points 000,200,220 and 020. In this case 

the dynamical equations are 
2-k2 U U220 U200 Co =0 [26] 

U200 
Z2-ß 

"U0 U220 Cl 
U220 U200 Ký2 2 Uý00 C2 

200 U220 U200 
k 3--k2 

Due to the symmetry, all the diagonal elements are equal. Again, the problem is 

invariant under a 90° rotation and 8=±1, ±i giving normalised Bloch waves (Howie 

1978) 

[v2, v2,1n, 1i2], [tz 112,1,2; in], 

[1/2,1/2i; 112, -u2i], 
[1/2; 1/2i; In, ll2i] 

with eigenvalues (U2+2U1)/2K, (U2-2U1)/2K, -U2/2K, -U2/2K. The last two are 

degenerate and if a sum and difference are taken, one is seen to have CO=0, i. e. be 

unexcited. This treatment is extended for reduced symmetry in §4.5. 
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1.6.1 Zone axis diffraction 

The three dimensional potential of a crystal can usually be treated as two dimensional 

in a good first approximation by two dimensional projection along the nearest zone 

axis direction. Three dimensional effects may be introduced later by perturbation 

theory. At or near zone axes, the potential is strong and needs many Fourier 

components to describe it well. Complicated dynamical interactions occur between 

the many beams involved and calculations using only a small number of beams do not 

usually give much insight into the processes occurring. In order to calculate 

dispersion surfaces, large numbers of beams are needed, giving matrices in the many 

beam equations often of size 100x100 or more before the eigenvalues converge 

(§6.2). However, of the many Bloch waves produced, only a few play a significant 

role in diffraction and a good understanding can be achieved by considering their real 

space distribution and its relation to the projected potential. A brief description of the 

important features of zone axis diffraction is given below; a very thorough review was 

given by Bird (1989). 

At zone axes where the atoms line up into strings which are well separated in 

projection, the Bloch states with significant excitation are few in number and tend to 

be localised on the atomic strings. Such states are described as "bound" states because 

the fast electrons are likely to be found within the atom string potentials. 

The most strongly bound state has the largest kinetic energy, corresponding to the 

lowest potential energy since the total energy is constant. Depending on the material 

and zone axis, strongly bound states correspond to the first one or few branches of the 

dispersion surface at 100kV. Strongly bound branches are flat (no variation in 

eigenvalue with orientation) and since the electron probability density is high near the 

atom cores, absorption of strongly bound states is high. Strongly bound states can be 

labelled by analogy to the three dimensional bound states of the hydrogen atom or 
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molecule, and the description can be extended to weakly bound states for orientations 

close to the zone axis, that is until the real space spread of the atomic wavefunctions 

is such that overlap is created with states on adjacent strings, in which case the 

wavefunctions are no longer close to atomic or molecular orbitals. 

Weakly bound states are those with energies near the barrier tops (figure 5) and they 

have substantial localisation and excitation. They are dispersive (their eigenvalues 

depend on orientation, so the branches are not flat) and they are important in zero 

layer contrast effects since they are not as heavily absorbed as the strongly bound 

states. 

Nearly free states have transverse energies well above the barrier top and are nearly 

plane wave in character their branches lie close to dispersion spheres and do not have 

much excitation. Such unbound states may have amplitude between the atomic strings 

and in thick crystals may dominate contrast if the bound states have been heavily 

absorbed. 

In the atomic orbital description for a simple (straight or nearly straight) string, the Is 

state is the most tightly bound and is strongly absorbed, except in very thin crystals. 

The 2s state often contributes most to the contrast because it is less localised on the 

strings. 2p states are unexcited on axis but become important towards the zone 

boundary. The ordering of states with decreasing kinetic energy depends on whether 

they are above or below the barrier tops and gives rise to critical voltage effects 

discussed in detail in §4.3. Assignment of quantum numbers to atomic states follows 

the rules set out by Buxton et al (1977). 1, the angular momentum quantum number is 

equal to the number of radial nodal lines passing through an atom string. The number 

of nodal circles centred on an atom string is m and the principal quantum number, n, 

can be deduced from n=l+m+1; examples of such states are discussed in §3&4. States 
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on zigzag strings can often be described by a molecular orbital description, with the 

equivalent of Q and x bonding and anti-bonding orbitals. 

1.6.2 The form of zone axis diffraction patterns 

Close to zone axis orientations, many reflections in the zeroth layer of the reciprocal 

lattice lie close to the Ewald sphere and have significant intensities, giving rise to a 

zero layer mesh of diffraction spots. With increasing angle of diffraction, the Ewald 

sphere curves away from the zeroth layer, eventually intersecting the first order Laue 

zone (FOLZ). Reflections in an annular region of the FOLZ are excited and similar 

behaviour may be seen for the second order Laue zone and higher order Laue zones 

(figure 6). 

With parallel illumination, diffraction spots are formed and with convergent 

illumination diffraction discs are produced, each disc being a map of intensity 

variation with orientation (figure 7). Depending on the convergence angle, discs may 

or may not overlap. At the zone axis condition, no reflection is at the Bragg condition. 

In zone axis CBED with touching disks, the Bragg position is on the inner side of the 

reflection g for the innermost darkfield reflections (figure 7). The sign of the 

deviation parameter, s, does not change across the disk in this case. 

A low camera length (large angular field of view) pattern shows zero layer reflections 

and one or more HOLZ rings (e. g. figure 116, W. Zero layer reflections often exhibit 

fringes and other contrast effects arising from interactions within the zero layer. In 

many cases a network of fine dark lines is visible in the bright field and some dark 

field discs, corresponding to orientations at which diffraction into HOLZ reflections 

occur; for each of these deficiency lines there is a bright (excess) line in a HOLZ ring. 

HOLZ deficiency and excess lines are discussed in §3.2.2 and §3.3. 
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1.7 The concept of string strength 

Frequent reference will be made in later chapters to the concept of the strength of 

atomic strings. At zone axis orientations where the atoms line up into reasonably 

straight, well-separated strings, the strength of the projected potential corresponding 

to the atom string can be represented fairly simply by a string strength parameter, first 

introduced by Steeds et at (1977). For a monatomic lattice of atoms with atomic 

number Z, spaced a distance d along a string which is associated with a projected 

(primitive) cell of area A, the string strength, S, is given by 

S« TZA/d [27] 

where T is the relativistic factor of the incident electrons (since the potential seen by 

the electrons increases with accelerating voltage; the crystal appears to suffer a 

Lorentz contraction, reducing d). Clearly for widely separated strings (A large) or 

densely populated strings (d small), the strength of the projected potential is high. 

The string integral was defined by Steeds et al. (1977) drawing on the real space work 

of Berry et al. (1973). The number of states bound in an atomic potential well is 

n= TXA I UO-Ums [28] 

where Up is the mean potential and U.,,, is the maximum value of the projected 

potential within the projected cell. While the string strength parameter allows 

comparison between different materials, the string integral is a useful parameter for 

classifying zone axis patterns. Similar contrast effects are seen in widely different 

materials at widely differing voltages at the same value of the string integral. The 

string integral is useful in discussing critical voltage effects (§4). 
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CHAPTER 2 

GROWTH AND CHARACTERISATION OF EPITAXIAL 
SEMICONDUCTOR LAYERS 

2.1 Introduction 

An epitaxial layer is a thin crystalline film grown on a bulk crystal with a well defined 

relationship between the two lattices. Epitaxial layers of semiconductors are 

becoming increasingly important in the fabrication of devices. Working regions of 

devices fabricated on bulk crystals do not extend more than a few microns or tens of 

microns into the crystal. The use of epitaxial layers allows the possibility of an active 

layer of one material, perhaps for an optoelectronic application, being grown on a 

substrate such as silicon or gallium arsenide, the use of which is already well- 

established, thus facilitating the integration of an active region and its associated 

circuitry. Materials which cannot be grown in high quality, defect free, bulk crystal 

form, may be able to achieve these characteristics in a heteroepitaxial layer. 

Epitaxial semiconductor layers may be grown by a variety of techniques, the details 

of which may be found in the references given. The most important are the ultra high 

vacuum based molecular beam epitaxy (MBE), §2.3, the low vacuum vapour phase 

epitaxy (VPE) technique, often employing transport of reactants as organo- 

compounds and then called metal organic vapour phase epitaxy (MOVPE) or metal 

organic chemical vapour deposition (MOCVD), §2.2, and liquid phase epitaxy (LPE). 

Programmes of collaborative work, in which the Bristol group undertakes 

microstructural characterisation of material grown by other universities or industrial 

partners are an important activity. The initial aim of the author's studentship was to 

characterise epitaxial (CdHg)Te layers grown by MOVPE at the GEC Hirst Research 
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Centre (§2.2). Later, establishment of the SERC II-VI growth centre at Hull 

University provided MBE grown samples of CdTe 02.3). In the former case, the 

measurement of local compositions was a valuable ability and in the latter, it was 

needed to determine the polarity of samples. These requirements led to the electron 

diffraction work which forms the main body of this thesis 03-6). Other material 

systems, for example (AIGa)As/GaAs single and multiple quantum well structures 

and devices were under study within the microstructural group, and samples were 

prepared from these materials to extend the range of application of the electron 

diffraction techniques. Some of these samples are discussed in §2.4 

2.2 MOVPE and characterisation of epitaxial layers of (CdHg)Te 

Cd. Hgl.,, Te (CMT) is an important semiconducting material, particularly for infra- 

red devices. The band gap varies with composition, x, in approximately linear 

fashion, figure 8, (Long 1968). There is also a significant chnage with temperature. 

For x around 0.2, the material is useful for the long wavelength (8-14µm) atmospheric 

window. Carbon dioxide lasers, which are also useful for inter-satellite 

communication, operate at 10.6µm, for which CMT detectors with x=0.15 working at 

77K are appropriate. For x around 0.4, CMT is useful in the 3-51im atmospheric 

window. For x around 0.7, CMT has applications in photodiodes in the range 1.3- 

1.55µm (Thompson et al 1988), which corresponds with the absorption minimum for 

many optical fibres. For x<0.13, the material is metallic for all useful temperatures 

and of little interest, except in multilayer structures with special properties, which are 

becoming more important. 

Epitaxial CMT has been grown by many techniques, with varying degrees of layer 

quality attained. Gertner (1985) gives a review of CMT growth. For device purposes, 

CMT growth should achieve good lateral and depth uniformity of composition. 
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Interfaces between CMT and its substrate or between grown layers should be 

reasonably abrupt MOVPE growth of CMT was developed to address these 

problems. 

MOVPE is an atmospheric pressure technique; expensive high vacuum equipment is 

not needed and the turn-around time between runs is small. Growth temperatures are 

lower than in LPE and may be almost as low as in MBE in some forms of MOVPE. 

Growth rates are much higher than in MBE. MOVPE has the potential of scaling up 

to production levels and much lower equipment costs than MBE. 

The principle of MOVPE is simple, but a wealth of subtle chemistry and 

hydrodynamics combine to complicate the implementation of good growth. Reactants 

are carried to the reactor in the form of gaseous alkyl compounds, in a hydrogen 

carrier gas. The alkyl group may be one of many, such as methyl-, ethyl-, dimethyl- 

and so on. In the reactor, the compounds are "cracked"; pyrolysis occurs due to 

applied radio frequency heating and a semiconductor is deposited onto the substrate 

sited in the reactor. The organic groups combine and are swept away with the flow. 

The choice of organometallics, each with its own pyrolysis temperatures, reactor 

geometry and growth temperature are all crucial to achieving good growth rather than 

poor quality layers, or in some cases no growth at all. A recent review of MOVPE 

was given by Williams (1989). 

When a ternary compound is to be grown by MOVPE, extra problems arise. In the 

case of (CdHg)Te, which may be considered as a mixture of CdTe and HgTe, the 

conditions required for the growth of each binary are very different. HgTe formation 

is particularly difficult, being endothermic and requiring a higher growth temperature 

than CdTe. The first reported growth of CMT by MOVPE, from RSRE Malvern, used 

diethyl telluride, dimethyl cadmium and liquid mercury as sources at or above 410°C 

(Irvine & Mullin 1981). Lateral compositional uniformity was poor due to the 
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depletion of cadmium from the stream across the substrate. Another problem was the 

premature reaction of CdTe, which can form as low as 350°C, which gave a fine dust 

of CdTe which fell from the walls of the reactor onto the substrate and growing layer, 

spoiling the layer topography by inducing "pyramid" defects; see figures 18 and 20 

below. No combination of substrate temperature, mercury temperature and flow 

velocities could be found to give good compositional control. It is possible to grow 

CdTe or HgTe layers separately. A new approach was adopted, the interdiffused 

multilayer process (IMP), in which alternate layers of CdTe and HgTe are grown and 

allowed to interdiffuse (Tunnicliffe et al 1984). The ratio of the layer thicknesses 

gives control of the composition. The layers need to be sufficiently thin so that 

interdiffusion is achieved during growth and a short post-growth anneal, and 

sufficiently thick that composition can be controlled well by the switching on and off 

of the cadmium flow. The conditions are tuned such that when dimethyl cadmium is 

present, CdTe alone grows. 

Complications arise in IMP because of the difference in facetting behaviour of HgTe 

and CdTe layers. On [100] substrates, HgTe grows as layers and CdTe as pyramids 

with {111} faces. CdTe grows smoothly on [111] substrates. On offcut [100] 

substrates, pyramids are elongated in CdTe. The growth rate of a layer depends on the 

thickness of the previous layer because of the amount of facetting that had occurred 

depends oh thickness. For thin enough layers, growth rates were found to become 

almost independent of the thickness of the previous layer. Lateral uniformity in IMP 

CMT is nevertheless difficult to achieve and the adjustment of flow rates and 

temperatures continued. Surface quality is another factor of interest for fabrication of 

devices and is also variable. 

Clearly, the growth process is complicated and there is much scope for non-optimal 

conditions to arise. Raccah et al (1986) discussed the influence of the layer 

thicknesses in IMP on the quality and compositional uniformity of CMT layers. Irvine 
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et al (1986) discussed the possibility of inhibiting interdiffusion to allow multilayered 

devices to be grown. McGill et at (1986) reviewed progress in HgTe/CdTe 

superlattices and Zanio (1986) discussed the effect of interdiffusion on their shape. In 

characterising all these layers and structures in the TEM, it would be very helpful to 

be able to determine local compositions to assess layer lateral and depth uniformity 

and to study interdiffusion. 

CMT was initially grown on CdTe substrates; later GaAs was used and in spite of the 

large lattice mismatch, layers of comparable quality to those grown on CdTe were 

eventually obtained (Geiss et al 1985, Bhat et al 1986). Growth on InSb, which has a 

very small mismatch to CdTe, was also reported (Cullis et a! 1985). TEM results were 

reported by P. D. Brown et al (1988). A recent report on the RSRE effort was given by 

G. T. Brown et al (1989). 

A similar machine to that developed at RSRE was built at GEC Hirst Research 

Centre, also growing material by IMP, under computer control (Bevan & Woodhouse 

1984, Hyliands et al 1986). Samples from this machine were supplied for study in this 

project. 

Two recent developments have been the growth of CMT at lower temperatures than 

previously by MOVPE (Thompson et al 1988) and the use of photo-stimulation to 

reduce the growth temperature needed (Irvine et al 1988). 

Samples supplied for this project were a random selection of CMT layers of various 

compositions and thicknesses, grown on CdTe, (CdZn)Te and GaAs. Little data on 

growth conditions was provided and layers of good quality were invariably sent 

straight for device usage, and were not made available for TEM. A coherent effort, 

providing feedback to growers and regular interaction was never established. 
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A major problem of growth on CdTe substrates is their poor quality (Durose et al 

1985). This introduces threading dislocations ; their density in CMT layers may 

coincide with that of the CdTe substrate (Yoshilkawa et al 1987). CdTe substrates 

were found to contain dislocations, grain boundaries and more complex dislocation 

tangles, possibly associated with tellurium precipitates, which are known to occur in 

CdTe (Schaake & Tregilgas 1983). Figure 9 shows CdTe substrate material. Durose et 

al (1985) characterised vapour phase grown CdTe for substrate use. 

The microstructure of epitaxial layers of CMT on CdTe[111] was dominated by 

dislocations and twins of various types. In [111] growth, the advancing [111] face 

offers the opportunity for twins to form in the plane of the epilayer. Figure 10 shows 

micrographs from a cross section of a [111] layer. The (complementary) dark field 

images in twin reflections confirm that there are only two types of twin. Closely 

related to this twinning is the formation of double positioning boundaries (Stowell 

1975). Across the growing layer, islands or regions of each of the two possible twin 

orientations occur, where they meet an incoherent boundary, called a double 

positioning boundary is formed, figure Ila. Across a double positioning boundary the 

stacking of planes changes from ABCABC upwards to ACBACB upwards. 

Double positioning boundaries tend to etch faster than good crystal during sample 

preparation. Figure 1lb shows a low magnification plan view of a [111] epilayer 

riddled with such boundaries. On closer examination, the boundaries are seen to act as 

a source for dislocations, figure 1lc. Non-vertical sections of boundary have further 

twinning or grain boundary dislocations (Stowell 1975), figure lid. By suitable 

tilting, one particular orientation may be highlighted for study, figure l le. Convergent 

probes moved across the double positioning boundaries were found to show a rotation 

of Kikuchi lines of 60°t1-20. The extra 1-2° rotation is due to misorientation. No 

significant preference for one of the two possible orientations was seen. A preference 

might be expected due to second nearest neighbour interactions which would prefer 
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the stacking sequence to continue that of the substrate. The stacking fault energy of 

CdTe is low and similar phenomena to those observed here were later reported in 

CdTe homoepitaxy (Hails et al 1986). 

Dislocation densities were high in these layers, even away from the double 

positioning boundaries. Irregular networks and some semi-regular networks were 

seen, probably relieving misfit in some cases or strain in others, perhaps residual from 

growth, or maybe due to grading of composition. There was some depth dependence 

of the dislocation density; regions near the substrate/epilayer interface are usually the 

most dislocated. Figure 12 shows misfit dislocations in a wedged sample. Figure 13 

shows the usual mid-layer quality of samples. Figures 14 and 15 show networks of 

dislocations. The interaction of dislocations within these networks can reveal much 

about stacking fault energy (via the separation of partials and the structure of nodes), 

dislocation propagation and dislocation generation. Such studies were not pursued. In 

general, there were so many dislocations, many with overlapping contrast, that 

analysis of single dislocations was impracticable. 

On the whole, the CMT on [111]CdTe layers supplied by GEC were of poor quality 

and little useful work could be performed. The polarity of substrates was not 

established prior to growth; this would have been very useful since different 

microstructures are seen on { 1111 A and { 111) B growth faces (Hails et al 1988). A 

more productive LPE study was reported by Woolhouse et al (1985). A correlation of 

misfit dislocation line density gradients with composition gradients, measured by 

SIMS due to interdiffusion was reported. A recent, extremely comprehensive report 

on CMT grown on various substrates by MBE was given by Di Cioccio (1988). 

CMT grown on CdTe[100] does not suffer from twinning, but facetting may lead to 

poor layer quality (Bevan & Woolhouse 1984). Only one sample of this orientation 

was studied; threading dislocations were seen in plan view samples, figure 16; an 
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estimate of a threading dislocation density of 2x106cm-2 was made from these studies 

for [100] foils, comparable with typical substrate densities for CdTe. 

As an attempt to reduce dislocation density by the elimination of misfit dislocations, 

CxHg1-xTe was grown on [111]Cdl_yZnyTe. Lattice match occurs for x=0.3 and 

y=0.04. However, different thermal expansion coefficients meant that the epilayer and 

substrate may not be matched for both growth and room temperatures. Figure 17 

shows that the aims were not achieved, perhaps due to poor control of x in growth. A 

dense network of misfit dislocations is seen in the near interface region and double 

positioning boundaries propagate through the layer. 

During a visit to GEC, a CMT layer was grown on [100]GaAs with assistance from 

the author. The substrate was prepared by chemical etching prior to growth. A 3µm 

layer was grown with 15 IMP cycles of 0.2µm. Optical microscopy, figure 18 

revealed surface facets; this may be due to a rough substrate or to dust falling onto the 

substrate prior to or during growth. A discussion of the role of dislocation/stacking 

fault interactions in the formation of these features has been given by Gleichmann et 

al (1989). Cross sectional TEM revealed a very disordered near-interface region, 

figure 19a. Dislocations and microtwins accommodate the 14.6% lattice mismatch. 

Even far from the interface, many dislocations were seen, figure 19b. The depth 

distribution of dislocations in layers of this type was described by Petruzello et al 

(1987). Mercury pile-up at the interface in a layer of this type was reported by 

Rossouw et al (1988). 

A layer grown very early in GEC's development of the IMP MOVPE machine was 

made available, thanks to Tony Kendrick. Particularly thick CdTe and HgTe layers 

had been deposited and had not fully interdiffused. It was hoped to use this sample to 

test the composition determination methods of §4. Scanning electron microscopy, 

performed in collaboration with Tony Kendrick, showed the structure, figure 20; the 
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Figure 18. Surface facets on [100]CdXHgl_XTe grown on GaAs, revealled by optical 
microscopy. 
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Figure 19. (a) Cross section of [100]Cd., Hg1_XTe on GaAs. (b) plan view, far from 
the interface. 



layer is seen to be disrupted, forming a surface "coffin" feature, due to particulate 

contamination at the interface. A cross section was prepared for TEM; figure 21 

shows an optical micrograph taken during polishing, revealing the structure. Sample 

preparation was particularly difficult due to the age of the sample (it had much oxide 

and contamination) and the different thinning rates of the layers. TEM specimens 

were never good enough to obtain CBED. Some evidence of the layered structure can 

be seen in figure 22, while dislocations and planar faults are clearly visible. 

A problem raised during this work was that of dislocation climb induced by ion 

irradiation during sample preparation by ion milling. The use of argon ions led to the 

introduction of dislocation loops, which act as sources of point defects, supplying 

them to nearby dislocations that are then able to climb easily. The ion damage may be 

eliminated by using iodine ions (Chew & Cullis 1987) and a considerable effort was 

devoted to first adapting an old ion miller to iodine, in order to prove the technique, 

and then commissioning a new Ion Tech machine. 

Studies of dislocation climb under irradiation are interesting in their own right. 

Reports have been given for climb under electron and neutron irradiation (Cherns 

1986). Figure 23 shows dislocation loops produced by ion irradiation and a 

dislocation in CMT which has climbed. Further studies of this phenomenon are 

planned. 

2.3 MBE and characterisation of epitaxial layers of CdTe 

Cadmium telluride is an important semiconducting material, particularly as a 

substrate for (CdMn)Te, (CdHg)Te and related compounds. Growth on GaAs is of 

interest in order to enable high speed circuits to be fabricated on the same substrate 

with CdTe or (CdHg)Te infra-red devices. Much attention has been paid to 
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Figure 20. SEM image of partially interdiffused multilayer. 
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Figure 23. Dislocation loops produced by on irradiation and a dislocation which has 
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controlling the orientation of the CdTe epilayer of [100]GaAs. Otuska et al (1985) 

showed that full or partial oxide desorption led to [111] or [100] growth respectively. 

Ballingal et al (1986) concluded that [111] growth could be achieved by an extended 

substrate prebake producing surface pits. Feldman et al (1986) discovered that the 

orientation could be influenced by adsorption of different submonolayer amounts of 

tellurium onto the GaAs substrate before growth of CdTe. [111] growth arose from a 

relatively Te poor Ga-As-Te surface phase and [100] growth arose from a Te rich 

structure. Further work showed the importance of growth temperature and 

reconstruction of the Ga-As-Te surface (Feldman & Austin, 1986). Despite the 14% 

mismatch in this system, some good quality layers have been obtained. Epilayers have 

been characterised by PL, X-rays and TEM. The misfit dislocation array has been 

observed by Ponce & Anderson (1986). Decrease in defect density with distance from 

the interface was noted by Bicknell (1984) 

InSb is almost perfectly lattice-matched to CdTe and is useful as a substrate for some 

applications, though it is optically opaque at wavelengths below 5µm. Successful 

growth of [100]CdTe on [100]InSb was described by Cullis et al (1985). 

TEM and cathodoluminescence experiments (the latter in collaboration with John Day 

at Bristol), were undertaken on MBE grown CdTe from GEC and from the SERC II- 

VI growth facility at Hull University. TEM samples were prepared by mechanical 

polishing followed by thinning to perforation by jet polishing with bromine/methanol 

or ion milling using iodine ions. Samples were examined in the Philips EM430 at 

voltages below the radiation damage thresholds and in the Philips EM400 with 

attached cathodoluminescence system, described by Myhajlenko et al (1984). 

In the early part of the growth programme at Hull, CdTe was grown homoepitaxially. 

Growth on [111]CdTe was obtained at 290°C and 250°C on pre-etched substrates 

which had been preheated to remove the oxide film. Double crystal X-ray rocking 
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curves showed a displacement of the layer peaks. TEM studies revealed the presence 

of many double positioning boundaries in the epilayers indicating that growth had 

proceeded in a three dimensional manner, with coalescing islands. The boundaries 

were not vertical along their whole length and there were twinning dislocations 

associated with the non-vertical sections, figure 24, (Stowell 1975 and §2.2). These 

boundaries were major contributors to a large dislocation density in these samples. 

Material grown at 250°C had some badly misaligned regions and some 

polycrystalline regions, figure 25; clearly this growth temperature is lower than that 

required for good material. The X-ray data is explained by the many boundaries and 

misalignments between grains (Farrow et al 1981). It is thought that incomplete 

removal of the oxide layer may be responsible for nucleating the island growth and 

causing misorientation in the layer. 

CdTe layers on [100]GaAs were grown at GEC Hirst Research Centre. [100] growth 

on pre-etched substrates was achieved by a substrate preheat to desorb oxide followed 

by exposure to Te flux before growth of CdTe, while [111] growth occurred if a Te 

stabilised surface was not allowed to develop prior to growth. Growth took place with 

substrate temperatures around 300°C and CdTe was evaporated from a single 

Knudsen cell. 

For [1001 material with similar pre-treatments and growth conditions, a wide variation 

in quality has been observed. Rapid preliminary assessment of layer quality could be 

achieved by TEM through the corner of cleaved samples (Buffat et at 1989). Figure 

26 shows a heavily dislocated CdTe layer on GaAs. Cathodoluminescence spectra and 

representative micrographs from three samples are shown in figures 27-29. The best 

quality material (figure 27) showed a prominent excitonic peak and a broad defect 

band at longer wavelengths. The material contains isolated threading dislocations and 

stacking faults/ twins. Other material was heavily dislocated (figure 28). Plan views 

taken at different depths and cross-sectional studies showed that the defects were 
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Figure 25. CdTe grown on [111]CdTe at 250°C. 

fpm 

Figure 26. TEM view of CdTe layer on GaAs, taken through the corner of a cleaved 
sample. 

Figure 24. Double positionin bonndarieti in CdTe grown on [111]CdTe 
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Figure 27. Best quality CdTe on [100]GaAs. 
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Figure 28. Heavily dislocated CdTe on 1100]GaAs. 
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Figure 29. Extensively twinned CdTe on [100]GaAs. 



distributed through the layer and not confined to the near-interface region. CL 

revealed a quenched excitonic peak and a large defect-related emission. The 

occurrence of extensive twinning was observed in some layers (figure 29). Traces of 

the twins follow a single <011> direction in the (100) growth plane. The poorest 

quality material showed bands of dislocations and planar defects which may be an 

indication of slip (figure 29b). The features are similar to those reported in alpha brass 

(Fleischer et al 1987) and reveal a semi-macroscopic mechanism for strain relief. 

Doping with indium was found to induce twinning or disrupt the layer into 

polycrystallinity, figure 30. The [111] oriented epilayer contained many dislocations 

and its CL has enhanced donor acceptor pair (DAP) emission compared to the others, 

as seen by Leopold (1986). 

The methods used to select [1111 or [1001 growth confirm the work of Feldman et al 

(1986), though the role of residual oxide, if any, has not been established. The 

variation in microstructure between growth runs indicates that more careful control of 

preheats, precursor treatments and growth conditions are needed. The appearance of 

twins on only one pair of advancing (1111 planes is thought to be due to the 

difference in mobility of a versus (3 dislocations, since the faults are propagated in 

growth by kink motion. Studies to determine the polarity of the faces involved were 

undertaken 06). 

CdTe layers on [100]InSb were supplied by the SERC growth centre at Hull 

University. InSb wafers were etched and prior to growth of CdTe at around 200°C, 

were ion beam cleaned using low energy argon ions. This procedure is adopted 

because heating InSb to desorb oxide leads to loss of Sb and accumulation of In 

droplets on the surface. Rather broad double crystal X-ray rocking peaks were 

obtained from these samples. Compared with the material grown on GaAs, the 

epilayers were of good quality. Isolated dislocations, twins and stacking faults were 

seen, figure 31. Some more complicated arrangements of planar defects were also 
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Figure 30. Cross sectional view of In dor 'd CdTe on GaAs. 
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Figure 31. Plan view of CdTe on [100]InSb. 
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Figure 32. Complex planar defects seen ire 

plan view of CdTe on [1001InSh_ 

Figure 33. Cross sectional view of CdTe on [100]InSb. 



observed, figure 32. Cross-sectional studies show defects nucleated at the interface, 

some extending into the epilayers, figure 33. It is thought that incomplete oxide 

removal may be responsible for nucleation of faults, though microfacetting due to loss 

of Sb is also a possibility. Misorientations on a macroscopic scale are thought to 

account for the broad X-ray results. These early samples were not of the quality 

reported by Cullis et al (1985). 

During studies of CdTe on InSb, occasional extended, straight, "scratch-like" defects 

were seen, figure 34. They had a crystallographic nature; some, but not all seemed to 

be able to be imaged in twin reflections and they interacted with LACBED contours 

05.3). Similar features have been seen in Al layers grown on GaAs (Kendrick 1988). 

It was first thought that they may be produced by scratches on the substrate, resulting 

in a "trench" to be filled in with associated facetting in the epitaxial layer (c. f. figure 

20, §2.2). The crystallographic nature of the defects would be unlikely for scratches in 

a random direction. The defects were at their widest in projection for untilted [100] 

foils, so the boundaries must run perpendicularly through the epilayer. CBED patterns 

taken with a small condenser aperture showed one fault to be a region of [112] 

orientation, figure 35. Closer studies in twin reflections showed the presence of twins 

associated with the boundaries of the fault, not the fault as a whole. The true nature of 

the faults remains unclear and may be resolved by cross-sectional studies, though the 

chances of finding one in the much smaller volume of epilayer visible in a cross- 

section compared to a plan view sample will make experiments difficult. 

The work described above on CdTe was useful in feeding information back to the 

grower and formed the basis of a publication (Speliward et al 1987). At the 

conclusion of this preliminary work, there were still considerable problems to 

overcome, both in growth and pre-growth treatments. The collaboration with Hull is 

continuing. 
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Figure 34. "Scratch-like" defect in CdTe on [100]InSb 
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Figure 35. Small convergence angle CBED from good crystal and from "scratch-like" 
defect. 



2.4 TEM characterisation of other zincblende semiconductor epilayers and 

structures. 

During the course of the electron diffraction based work 03-6), a number of epilayers 

and structures of various materials were studied. 

GaAs single quantum wells are often grown with thicker (AIGa)As layers on either 

side as cladding layers. Electrons from the (usually doped) (AIGa)As fall into the 

(undoped) GaAs well where they have high mobility. A single quantum well structure 

was studied. Thickness fringe contrast indicated that the composition profile was not 

abrupt; the fringes do not shift suddenly at the interfaces, figure 36 . GaAs/(AIGa)As 

superlattices were also studied (figure 37). The GaAs wells are dark in this dark field 

[200] image 03.1). Of interest in this sample was the idea of a superlattice critical 

voltage, §4.6. A single quantum well laser with a growth transient was examined; this 

is discussed in detail in §3.3 in connection with a determination of the composition of 

the unintentionally produced layer. 

Another superlattice structure studied was a ZnSe/Zn(SeS) superlattice grown on a 

ZnSe buffer on GaAs. This structure showed strain in the buffer layer, planar defects 

nucleated at the buffer superlattice interface, which propagated up through the 

superlattice, and cracking of the layer, to reduce strain, figure 38. The growth of the 

superlattice was seriously disrupted by the faults, figure 39, many of which were 

shown by dark field imaging to be microtwins. The strain and disorder made this 

sample unsuitable for CBED, but very interesting for microstructural characterisation. 

A 40A (InGa)As quantum well clad with InP was examined in cross-section, figure 

40. The micrograph is a [200] dark field image, the InP appearing brighter than the 

(InGa)As. The quantum well thickness measured from the micrograph confirmed 

indirect measurements made by Ian Jordan, and refuted the claims of the growers. 
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100 nm 
Figure 36. Single quantum well exhibiting non-abrupt interfaces. 
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Figure 37. (002) dark field view of GaAs/(AIGa)As superlattice. 
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Figure 38. Cross sectional view of ZnSe/Zn(SeS) superlattice on ZnSe buffer on 
GaAs. 
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Figure 39. Disruption of superlattice by planar fault. 



Figure 40. (InGa)As quantum well in InP. 
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CHAPTER 3 

COMPOSITION DETERMINATION BY ELECTRON 

DIFFRACTION (I) 

3.1 Introduction 

The zincblende structure consists of two interpenetrating f. c. c. lattices, one of metal 

atoms and one of non-metal atoms. Zincblende structure semiconductors are formed 

when one or more of certain elements of valence +2 (the group IIB elements Zn, Cd, 

Hg and also Mn) combine with one or more group VI elements of valence -2 (S, Se, 

TO or from combination of one or more elements from group IIIA (Al, Ga, In) with 

one or more elements from group V (P, As, Sb). Not all possible binary compounds of 

the elements mentioned above have the zincblende structure (e. g. CdS), but most do. 

Most semiconductors of current interest (apart from silicon and germanium of course) 

have the zincblende structure. A few (e. g. PbSe) have the sodium chloride structure. 

A ternary semiconductor can be regarded as an alloy of two binaries having a 

common element. The mixed sublattice is usually randomly occupied; the occurrence 

of ordering is of interest (e. g. McKernan et al. 1988). Miscibility does not necessarily 

occur for all possible compositions. Quaternaries and higher alloys are also possible. 

Many of the techniques described below are also applicable to the IV-IV alloy SiGe 

and some may be used in non-zincblende structure alloy semiconductors. 

Table (I) displays the possible III-V and II-VI ternary and quaternary alloys and 

indicates those that are currently under investigation. Doubtless this list will be 

extended in the future as researchers seek new combinations of band-gap, lattice 

parameter, refractive index and other properties. 
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(Mn may also subsitiute into these II-VI compounds, e. g. CdMaTe) 

Table (I). III-V and II-VI binary, ternary and quaternary compounds. Underlined 

compounds are already of interest. 



Ternary and quaternary semiconductors are increasing in importance, particularly in 

epitaxial systems for device applications. In characterising these materials by TEM, it 

is important to be able to determine local compositions with good precision and high 

spatial resolution. Inhomogeneities due to poor control of growth, interdiffusion of 

layers, graded regions, alloy clustering and spinodal decomposition are all areas in 

which such measurements are valuable. 

Various micro- or nano-analytical techniques exist; of particular usefulness and 

interest are methods based on electron diffraction. Diffraction methods may use 

focussed probes or parallel illumination and can yield sensitivity equal to energy- 

dispersive X-ray microanalysis (EDX) or electron energy loss spectroscopy (EELS), 

often with shorter acquisition times. Spatial resolution in focussed-probe diffraction 

may be superior than in EDX or EELS since only elastically scattered electrons 

contribute to the diffraction. In parallel illumination diffraction contrast techniques, 

spatial resolution is related to the size of the objective aperture used. A survey of 

TEM-based methods is given below and fuller reports of work on some methods are 

given in later sections. 

High resolution TEM ("lattice") imaging can give structural and sometimes chemical 

information on the atomic scale, provided that the imaging conditions (thickness, 

defocus) are well known and extensive simulations are performed. In some cases, a 

composition boundary (i. e. interface) is revealed by the structure change across it or 

by the different forms of the fringes from different materials at a given thickness and 

defocus. In some cases (e. g. AIAs/(AIGa)As) it is difficult to determine the interface 

position at all. In deducing information about local compositions, the intensity of a 

particular spot may be interpretable in relation to the mean atomic number in the 

corresponding atomic column and the mean intensity in a given region is often 

claimed to reveal its composition (e. g. AlAs layers may be brighter than GaAs). In 

both cases, the intensity observed depends on which reflections contribute to the 
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image and, since the objective aperture used is so large, is influenced by inelastic 

scattering. At [1101, lattice images of zincblende structures are dominated by the 

compositionally insensitive {111) fringes, while at [1001, it is possible to exploit the 

sensitivity of {002} reflections (Loretto 1987). Noise on images, statistical 

fluctuations from column to column, the difficulty in accounting for inelastic 

scattering and the need for very thin samples and extensive simulations have limited 

the use of HRTEM for composition determination. Ourmazd et al (1987 and 1989) 

developed "chemical imaging"; using extensive image analysis they claimed to be 

able to determine the composition of a given unit cell column. This technique was 

applied to the study of interdiffusion in CdTe/CdHgTe multiple quantum well 

structures by Kim et al (1989). The basis of the technique has been questioned by 

Hytch et al (1989). 

In high angle annular dark field imaging in a STEM, the coherent phase contrast of 

HRTEM is replaced with the atomic number (Z2) contrast of high angle Rutherford 

scattering. McGibbon et al (1988) used contrast measurement in uniformly thick 

samples to study the composition profiles in (AIGa)As/GaAs quantum wells. Using 

an ultra-fine probe, Pennycook (1989) resolved lattices; the intensity of a spot 

representing a column was related to its composition; this technique has been applied 

to high Tc superconductors and to semiconductors (e. g. SiGe). 

The intensities of certain spots in selected-area diffraction patterns could, in principle, 

be used to reveal the composition of a ternary semiconductor. Experimentally it is 

very difficult to record such patterns from which intensities may be recovered 

usefully, since the beam must be very parallel, the sample of a constant thickness over 

the illuminated area and the orientation known exactly. Simulations of patterns can be 

performed (Hewat et al. 1988 and see discussion in §6.1). The technique has poor 

spatial resolution, though this might be overcome by use of a point probe with a very 
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small convergence angle. The experimental constraints and the need to perform 

simulations for each measurement of composition make this method undesirable. 

Matching of experimental CBED patterns (of the common form, with touching discs) 

with simulations could allow composition determination without having to measure 

intensities. The computing effort required is considerable and the method is not 

suitable for routine use, though it has been shown to be valuable for polarity 

determination 06). 

Dark field {200} images taken under two beam conditions show structure factor 

contrast, the intensity depending on the difference between the mean electron 

scattering factors of the two sublattices. In ternary compounds, measurement of 

intensity may provide a measure of the composition with a spatial resolution defined 

by the objective aperture size. Intensity differences may be easily observed and used 

as a qualitative guide but it is difficult to relate them to compositional differnces. 

Figure 37 showed an (002) dark field image of a GaAlAs/GaAs multilayer. It can be 

seen that the intensity difference between the two phases is influenced by sample 

thickness and local diffraction conditions. Loretto (1987) presented calculations of 

intensities as a function of thickness and composition for GaAIAs and concluded it 

was very difficult to separate their contributions in real samples, unless measurements 

of sample thickness are carried out at the required spatial resolution. Extensive 

simulations are necessary to take account of the convergence of the incident beam. 

Stobbs and Baxter (1988) felt that composition determination by this method might be 

possible to ±5% in (GaAl)As. Very recently, further detailed work by Bithell and 

Stobbs (1989) has shown that values of x around 0.3 could be obtained with a 

reproducibility of 0.01 and an absolute accuracy of ±0.02. In other ternary 

semiconductors, the method is less useful, being complicated by non-monotonic 

relationships between difference in structure factor and composition (e. g. (GaIn)As) 

and anomalous contrast due to inelastically scattered electrons (Baxter et al 1988). 
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Bird and King (1989c) showed that the conventional assumption of an absorptive 

potential one tenth of the real potential can fail badly in non-centrosymmetric crystals 

and reflections of type 4n+2 such as (002) are most strongly affected. 

Studies of the form of thickness fringes can allow composition determination. 

Thickness fringe spacing depends on the diffracting conditions, relevant extinction 

distance(s) (which depend on composition) and the thickness profile of the sample. 

Kakibayashi and Nagata (1986) were the first to use a 90° wedge, formed by cleaving 

a [100] sample on {011} planes. When oriented to [010], the local thickness is 

defined by simple geometry as twice the distance from the edge of the sample. The 

magnification must be accurately calibrated and the edge of the sample precisely 

located. Beam convergence and deviation from the zone axis may influence the form 

of the fringes. Experimental traces of thickness fringes, often obtained by a 

microdensitometer, must be accurately fitted to simulations, in order to quantify 

composition. At [010] in zincblende structure semiconductors, the fringes arise from 

interference between the three dominant Bloch states in which fast electrons 

propagate within the crystal. The physics of diffraction at {010} is discussed fully in 

§3.3. The visibility of fringes decreases as thickness increases, due to absorption; this 

has to be taken into account in simulations. Spatial resolution in this technique is 

usually limited by the microdensitometer. 

Composition measurements in GaAIAs by this method were reported by Hetherington 

et al (1987); they measured the composition of AlGaAs layers to 4%. De Jong and 

Janssen (1988) published best fit absorption parameters and Debye-Waller factors for 

use in simulations for AlXGai. As. They concluded that x could be measured within 

5% for x<0.25 and x>0.6 but for intermediate x, deviations between experimental 

intensity in calibrated samples and simulations, thought to be due to inelastic 

scattering, limited the accuracy to 10%. Kakibayashi et al (1988) studied heat 
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treatment-induced disordering in a GaAs/(AIGa)As/GaAs heterostructure by this 

method. 

The method is very useful for routine analysis of [100] epilayers and structures, since 

sample preparation is very fast (though not trivial). Spycher et al (1989) characterised 

(GaIn)As/InP and GaInAsP/InP multilayers by this technique. It is inapplicable to 

[111] epilayers since the simple geometry of samples is lost. 

Fresnel contrast is formed at any discontinuity in the scattering potential. Stobbs and 

Ross (1987) described how to measure composition profiles at interfaces by matching 

observed Fresnel fringes at various defoci with extensive simulations. Inelastic 

scattering must be treated very carefully. Ross et al (1987) studied the composition 

profile across a nominally abrupt AlAs/GaAs interface, showing a diffuse region over 

several monolayers. 

Studies of deficiency lines in the bright field disc in zone axis diffraction, caused by 

diffraction into HOLZ reflections 01.4) may allow composition measurement. 

Application of geometry and kinematic theory, with corrections, may allow 

measurement of lattice parameter, provided the material is unstrained and the 

variation of lattice parameter with composition is known, then the composition may 

be determined. Study of dynamical features of HOLZ deficiency lines may allow 

compositional information to be extracted. These techniques are discussed in §3.2. 

The branch structure of the zero layer dispersion surface can be revealed in HOLZ 

reflections. At selected zone axes, different branches are influenced by different 

strings and the potential difference between strings may be measured and related to 

composition in some materials. This technique is explored in §3.3. 
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In materials in which the Debye-Waller factors for the various atom types vary 

differently with temperature, it may be possible that a particular structure factor goes 

to zero at some composition and temperature, possibly providing a composition 

measurement method. This work is discussed in §3.4. 

In well known structures, critical voltage measurements can allow the accurate study 

of specific features such as small atomic displacements, ordering or composition. A 

major part of this thesis (§4 and §5) is devoted to composition measurement by the 

study of critical voltage effects. New methods of composition determination have 

been developed and applied to various zincblende structure semiconductors. 

3.2 Composition determination by study of HOLZ deficiency lines 

3.2.1 The geometry of HOLZ diffraction 

In the kinematic limit, the geometry of HOLZ diffraction is based on the intersection 

of spheres radius K drawn about both the origin and the HOLZ g vectors. At positions 

in the bright field disc corresponding to orientations for which the sphere centred on 

the origin intersects a sphere centred on a HOLZ reflection, a dark "deficiency" line 

may be formed. The intensity lost from the bright field appears as a bright "excess" 

line in the HOLZ ring (figure 41). The visibility of such lines is dependent on the 

temperature of the sample and the presence of static disorder, since both factors tend 

to reduce large angle scattering. The strength of three dimensional diffraction also 

depends on the accelerating voltage, becoming weaker at higher voltages. 

In practice, the kinematic case referred to above is never attained, except in very thin 

crystals (10-50A), in which case the "lines" are so broad as to render the geometry 

invalid. The zero layer reflections interact and instead of a sphere centred on the 
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Figure 41. The geometry of kinematic HOLZ diffraction. 
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Figure 42. The dynamical origin of HOLZ lines. The kinematic position is dotted. 



origin, we must consider the zero layer dispersion surface. To a first approximation, 

the HOLZ reflection can be considered kinematic and thus its sphere intersects the 

dynamical zero layer dispersion surface. The single HOLZ line is replaced by, in 

general, several lines, each associated with a distinct branch of the zero layer 

dispersion surface (figure 42). The dispersion surface geometry is reproduced in the 

HOLZ lines, at least for excited branches. Tightly bound, non-dispersive, states give a 

slightly curved line following the HOLZ circle. Dispersive states with curved 

dispersion surface branches show a similar curvature in the HOLZ lines. By changing 

the accelerating voltage, the entire dispersion surface can be mapped out. Bound 

states, with larger wavevectors, lie closer to the zone axis than the kinematic position, 

an important point to which reference is made later. 

The plane wave (dispersion sphere) approximation for the HOLZ reflection breaks 

down at some orientations. Systematic interactions between adjacent HOLZ 

reflections can occur, resulting in HOLZ lines arising from the intersection of the two 

dimensional zero layer dispersion surface and a one dimensional HOLZ dispersion 

surface which exists over a limited region. Three beam interactions between the direct 

beam and two simultaneously excited HOLZ reflections may also give rise to 

intensity anomalies (Steeds 1986). The places where the plane wave approximation 

breaks down are readily observed in experimental patterns and can be rejected for use 

in kinematic analysis. 

HOLZ lines have an intrinsic width, given by the shape factor of the sample, that is 

lines become finer as the thickness increases, analogous to the sharpening of 

diffraction spots in selected area diffraction. An important effect occurs in samples 

thinner than the inter-branch extinction length for a pair or group of zero layer 

branches. Typical inter-branch extinction lengths are 100-200A but some branches in 

some structures may be very close together giving extinction lengths of many 
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thousand Angstroms. In these cases the branches are not independent and act as a 
branch cluster (Bird 1989). A single HOLZ line results from the cluster. 

The occurrence of a number of excess lines within each HOLZ disc and their 

equivalent deficiency lines can be a useful phenomenon, allowing detailed 

information about the dispersion surface to be obtained; see for example §3.3. In 

determination of lattice parameters, however, dynamical effects complicate the 

situation and efforts are made to reduce them as far as possible, as described in the 

next section. 

3.2.2 Lattice parameter determination by study of HOLZ deficiency lines 

The lattice parameters of a material may be measured to an accuracy of about 1% by 

study of spot diffraction patterns. HOLZ deficiency lines are useful because their 

position depends sensitively on the lattice parameter, small changes in lattice 

parameters produce measurable shifts in the position of HOLZ lines. Computer 

simulations of HOLZ lines based on intersecting spheres can be used to determine the 

absolute lattice parameter only when the microscope voltage is known accurately and 

with the aid of dynamical corrections. The assessment of relative lattice parameters is 

possible and the technique has found wide application in the measurement of strain 

and other processes causing small changes in lattice parameter (Randle et al 1989). If 

the microscope can be calibrated using a reference sample, small absolute changes 

may be measurable. 

In order to perform useful measurements, a zone axis is selected at which only one 

branch of the zero layer dispersion surface is strongly excited, usually branch 1. The 

choice of axis may also be influenced by the nature of the sample. For example, 

Twigg et al (1987) chose the [221] axis when studying [1101 cross-sections of [001] 
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epilayers in order to be particularly sensitive to lattice parameter changes in the 

growth direction. 

In order to simulate experimental patterns using a program based on the geometry of 

intersecting spheres, a "correction voltage" has to be added to the actual voltage used 

in the experiment (which should have been previously calibrated). Lin et at (1987) 

described how to obtain this correction. The shift of branch 1 away from its plane 

wave position is required; this is of course the eigenvalue for branch 1 and can be 

obtained from a solution of the many beam equations. Usually the variation of the 

eigenvalue within the first zone is very small and only a single calculation is needed. 

Bird (1988) presented an approximate method of obtaining this quantity for relatively 

weak zone axes without recourse to the many beam equations. He presented a formula 

which involved only the structure factors. The geometry is shown in figure 43 

(adapted from Lin et at 1987). The figure is for a HOLZ line crossing the centre of the 

bright field disc, that is the HOLZ sphere cuts branch 1 of the ZOLZ dispersion 

surface at Q, on the zone axis. A simulation using the wavenumber K would position 

the line at angle a off the zone axis and in order to get the correct position K' should 

be used. The adjustment in wavenumber 

tK=K-K' 

is given, with suitable small angle approximations, by 

AK=EK/nh [29) 

for K in A, where F. is the eigenvalue and nh is the separation between the nth HOLZ 

layer and the zero layer. The voltage shift is then given by 

1E=1885 K2E/[ (1 + 1.958x 10-6 E) nh] 

for Ein volts and using K=1/X, in A-1,1gI=1/d. 

[30] 

Bithell and Stobbs (1988) presented a similar treatment, the minor difference being 

that they preferred to consider the dynamical correction as a change in K for the 

sphere centred on the origin, rather than a correction voltage. They also pointed out 

43 



AK I 

0 

Figure 43. The geometry relating to the dynamical correction (Lin et al 1987). 



that in some cases (e. g. GaAs[111]) the important branch is not branch 1 but branch 2, 

and the sign of e is then sometimes reversed (since branch 2 may be unbound). 

A geometrical HOLZ line simulation program was developed at Bristol over a 

number of years, and was used in the simulations described later. Eigenvalues for 

branch 1 and/or 2 were calculated using the microstructural group's dynamical 

diffraction program suite. 

3.2.3 Composition determination from lattice parameter measurements 

The lattice parameters of most III-V and II-VI semiconductors depend directly on 

composition and obey Vegard's law over large composition ranges. For example 

In., Gai-XAs is close to an ideal solution, the lattice parameter being given by 

a=(5.653+0.405x)A (Woolley and Smith 1958). CdxHgl-XTe shows similar behaviour 

(Gertner 1985). It should be mentioned, however, that there is considerable X-ray 

absorption fine-structure data indicating that the bond lengths and/or bond angles for 

the two different types of anion-cation bonds in ternary alloys may be different 

(Mikkelsen and Boyce 1983a, b; Zunger and Jaffe 1983). 

It would appear that, given a suitably calibrated microscope, the local composition in 

a TEM sample could be obtained from a HOLZ line matching of experiment and 

simulations to determine lattice parameter and knowledge of the variation of lattice 

parameter with composition. This may be the case if the material is unstrained and 

thick enough for HOLZ lines to be seen in the bright field disc. Point or thermal 

disorder can reduce visibility of HOLZ lines and prevent useful work. The effects of 

surface layers or thin film relaxation may also influence the experiment. The 

sensitivity of the technique depends on the rate of change of lattice parameter with 

composition and will be worst for alloys such as AIXGai_XAs in which the lattice 
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parameter changes by only about 0.1% in going from one binary to the other. An 

important complication in performing accurate work is that the dynamical correction 

discussed in §3.2.2 will vary with composition. 

In order to test the usefulness of this technique, studies of Cd, rHgl_XTe were 

undertaken. The choice of material was influenced by the availability of samples. The 

alloy has a variation in lattice parameter of 0.3% between the binaries. The [012] axis 

was selected for study since experiments and calculations indicated only one branch 

(branch 1) of the dispersion surface is significantly excited. It is particularly useful for 

work on cross-sectional samples, since it lies on the (200) band from [011] to [001] 

and tilting an epitaxial sample with [100] growth direction to [012] retains the 

interfaces vertical, retaining spatial resolution in studies of interdiffusion etc. at the 

interfaces. 

The behaviour of the dynamical correction through the composition range depends on 

the temperature. Figure 44 shows the results of calculation using eigenvalues of 

branch 1 obtained from 85 beam calculations at [012]. Fortunately, the variation with 

composition above absolute zero is not as strong as would be expected from a simple 

consideration of mean atomic number, neglecting zero point vibrations, (T=0 line), 

due to the contributions of anomalously large Debye-Waller factors in Hg-rich 

material 63.3). The least variation in eigenvalue with composition at [012] was at 

90K. This was fortunate since HOLZ patterns of acceptable quality could only be 

obtained for cooled samples, 90K being the most convenient. 

The dynamical correction in Volts is obtained from 

AE = 303K2E(x)a(x) 

for K in A; 

[31] 
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or at 200kV 

AE = 4.81x105c(x)a(x) [32) 

At [012], the eigenvalue of branch 1 varies significantly over the first Brillouin zone; 

for HgTe it is 5.43x104 at the zone centre, 4.19x10-4 at (200)/2 and 2.39x10-4 at 

(04-2)/4. This introduces a further, unwelcome, complication into experiments. 

Figure 45 shows the bright field disk from [0121 patterns from CdTe and HgTe taken 

at the nominal microscope voltages indicated over a 20kV range. The differences 

between CdTe and HgTe patterns taken at the same voltage reflect the differences in 

lattice parameter and dynamical correction. However, at 90K, the dynamical 

correction change between CdTe and HgTe is only 0.1kV, and in order to determine 

lattice parameter it is necessary to know the dynamical correction; it was decided that, 

at 90K at least, it was reasonable to use the mean dynamical correction (1.6kV). The 

error introduced is likely to be insignificant given the quality of the patterns. 

Preliminary simulations, figure 46, indicated that the intersection point of the (15 3- 

1) and (-151 1) lines and the mirror related intersection point of the (-15 3 -1) and (15 

-1 1) lines moved rapidly across the disk with change of lattice parameter and might 

prove the most sensitive method of determining the lattice parameter of unknown 

compositions. Another approach, suggested by the CdTe and HgTe results of figure 

45, was to find the voltage for which the polygon at the centre of the pattern collapsed 

to a point (between 195kV and 200kV for CdTe). 

The Bristol Philips EM430 had been calibrated (Lin et al 1987), 200kV nominal being 

actually 198.4t0.1kV. This was confirmed by checking against CdTe patterns (figure 

45); the nominal 200kV pattern was well reproduced by a simulation at 196.8kV 

(being 198.4kV less the dynamical correction). A sample of unknown composition 

was examined at the nominal 200kV. The positions of various crossings are visible 

and the pattern was matched with simulations at 196.8kV. The best match was found 
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Figure 47. [012] bright field pattern from CdxHgl_XTe sample of unknown 
composition and simulation for matching. 



for x=0.3 (figure 47). The error in a measurement of this sort is difficult to quantify 

since it depends on the eye's ability to compare the imperfect experimental pattern 

with simulations, but it seems unlikely that precision better than 5% can be obtained 

in Cd Hg1. Te. It may be possible in future, using image processing of digitised 

micrographs, to extract sharp lines from experimental patterns. Differentiation of the 

pattern and other "sharpening" techniques might be used. The pattern quality varies 

from sample to sample and from region to region within the same sample due to 

strain, defects and other factors. 

[0121 has been shown to be a favourable axis at 90K since the dynamical correction is 

approximately constant with composition. In other materials, this would not be the 

case. The change in lattice parameter with composition is small and there are only 

small differences between HgTe and CdTe patterns. This method does not compare 

favourably with the critical voltage techniques applicable to (CdHg)Te 04.4) and was 

not pursued further. 

3.2.4 Composition determination from analysis of dynamical effects in HOLZ 

patterns 

The breakdown of the plane wave approximation for HOLZ reflections can be 

observed in some places in experimental patterns 03.2.1). Britton and Stobbs (1985, 

1987) demonstrated that local detail in a HOLZ pattern could be usefully modelled 

using standard Bloch wave methods involving only five beams and that the major 

dynamical effects could be treated in a three beam approximation when sufficient 

symmetry is retained. For a crossover on a mirror plane, the displacement of the 

contrast from the kinematic crossover point was found to be controlled primarily by 

the structure potential of the reflection linking the two HOLZ reflections and the 
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overall form of the intensity profiles across the lines is a function of the potentials 

associated with the HOLZ reflections themselves. 

In (AlGa)As, the lattice parameter change with composition is small and kinematic 

line movements do not yield composition measurements of useful accuracy. Certain 

components of the potential (for example U200) depend strongly on the composition 

and composition variations may have a significant effect on dynamical aspects of the 

pattern rather than on its kinematic form. 

Britton and Stobbs (1987) studied crossovers of (AIGa)As HOLZ lines that were 

linked by the compositionally sensitive (200)m reflection. In this structure, non- 

centrosymmetry introduces an asymmetry even into the basic three beam calculation 

(c. f. §4.5 & 6.2) which reduces the accuracy of a composition determination from the 

crossover shift. Substantial changes in the overall form of the profile as the 

aluminium content changed were noted but the shift in the crossover was found to be 

too inaccurate a measure of composition measurement to be useful. 

3.3 Composition determination by study of HOLZ excess lines 

It was pointed out in §3.2.1 that the fine structure of HOLZ reflections contains 

information on the zero layer dispersion surface. In the determination of lattice 

parameter (§3.2.2 and §3.2.3), the presence of more than a single line causes 

undesirable complications and zone axes are sought at which only one branch of the 

zero layer dispersion surface is excited. In this section, HOLZ lines are studied at 

zone axes where several or many lines are excited, and the dynamical nature of the 

ZOLZ is exploited. 
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At the [001] zone axis, in the zincblende structure, the cations and anions line up in 

well-separated strings (figure 48). The depth of the potential well associated with a 

particular string depends on the string strength 01.7) and hence the composition of 

the string. Bloch wave calculations were performed for various binary and ternary III- 

V and II-VI semiconductors. At [001] there are three important (strongly excited) 

Bloch states. In all cases, the first two Bloch states are is states bound one on the 

anion string and one on the cation string. The next excited state on axis is usually 

branch 5 which is a 2s state bound on both strings. Two ternary alloys, AlXGai. As 

and Cd,, Hgl-. Te were studied in detail; due to their rather different behaviour they are 

discussed individually. 

In calculations for AlXGal.. As, a problem is the unavailability of accurate Debye- 

Waller factors, except for GaAs (Reid 1983). It was felt that GaP should provide the 

best analogy to AlAs, since they have the same mean atomic number. The Al Debye- 

Waller factor was set to 0.5, while those for Ga and As were used as tabulated for 

GaAs; there is little difference in anion Debye-Waller factor between GaP and GaAs. 

The projected potential for AIxGa1_xAs was calculated as a function of composition 

for the fixed temperature of 300K and at 100kV, and showed the expected simple 

variation, the depth of the cation well decreasing with increasing Al content (figure 

49). Dispersion surfaces around [001] were calculated using 101 beams. For all 

compositions, branches 1 and 2 are non-dispersive, corresponding to is bound states 

on the As and the Ga/Al strings respectively, while branches 3 and 4 are 2p type 

states, unexcited on axis. For compositions x<0.9, branch 5 is fairly flat, 

corresponding to a 2s states sited on both strings, while branch 6 is a channelling 

state, unexcited on axis. The nature of branches 5 and 6 reverses for x>0.9. Figure 50 

shows the electron probability density distributions for the various states at the exact 

zone axis orientation in GaAs. Figure 51 shows dispersion surfaces for various 

compositions. It can be seen that the eigenvalue for branch 2 varies with composition, 
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Figure 48. View of the zincblende structure, indicating strings at [0011 

projection onto (001) 



Figure 49. Variation of the projected potential in AlXGa1_,, As with x at 300K. Al/Ga 
strings are at the comers of the projected cell and As strings at the centres. 



Figure 49. Variation of the projected potential in A1XGa1_,, As with x at 300K. 



Figure 49. Variation of the projected potential in AI. Gai_. As with x at 300K. 
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while the eigenvalues of the other branches are fairly independent of composition 
(figure 52). 

The excited states (1,2 and 5/6) will each give rise to a line in HOLZ reflections, the 

fine structure being equivalent to an oblique section through the dispersion surface. 

The position of the line corresponding to branch 2 relative to those from branches 1 

and 5/6 will depend on composition and could allow the composition to be 

determined. This possibility was first suggested by Eaglesham and Humphreys 

(1986). Hetherington et at (1987) suggested that composition changes of 5% could be 

revealed in this way. This method has the advantage that only a single pattern need be 

obtained, rather than a voltage series (§4), and could work on cross sections whilst 

retaining vertical interfaces. 

HOLZ discs useful for study are those without systematic interactions. (17 5 1) and 

(17 -5 1) are good examples (figure 53). During these studies, the significant breaking 

of (200} mirrors in the HOLZ ring was noticed and this lead to the development of a 

polarity determination method 06.3). 

Calculations were performed using 101 beams, with absorption included by 

diagonalisation of the full complex matrix, and with the absorption coefficient for all 

species being 5%. As previously, 100kV and 300K were used. The shape of the 

intensity profile across the HOLZ lines in the suitable discs depends greatly on the 

sample thickness (figure 54) but the position of the lines is a constant indication of 

composition. Since the is states are quite heavily absorbed, the lines are rather broad 

when they have useful intensity and this, in the view of the present author, makes the 

claim of a sensitivity of 5% rather optimistic. Gong et al (1989) analysed how the 

parameter (kz(l)-kz(2))/(kz(l)-kz(5)) varied with composition and voltage. There was 

found to be some advantage in using this measure rather than (kz(')-kz(2)) or (kZ(1)_ 

kz(5)) for low Al content and higher voltages (-200kV) 
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Figure 53 shows HOLZ reflections from x=0 and x=0.28. The splitting of the branch 

1/2 into branch 1 and branch 2 can be seen. The composition might be measured 

"with a ruler", but 5% precision seems unlikely. Figure 55 shows the calculated 

rocking curves for various compositions, x, for fixed sample thickness. The detailed 

shape of the experimental rocking curves is not well reproduced by calculations using 

parameterised absorption (§6.3). Using image processing, linescans may be extracted 

and may help improve the method, figure 56. However, the branches are not 

completely flat and care is needed to decide where to take such scans. 

In order to test the usefulness of the technique in a problem solving case, a cross- 

section was prepared from a sample studied previously by cathodoluminesence 

(S. Madras, unpublished work). Extra emissions had been detected from an 

unintentionally grown layer. Figure 57 shows the structure. (AlGa)As cladding 

surrounds a GaAs single quantum well. A thin layer of high Al composition (as 

inferred from the thickness fringes and CL data) is clearly visible. It was hoped to 

determine the composition of this Al "spike" using the [100] HOLZ excess method. 

HOLZ reflections from the "spike" are shown in figure 58a (c. f figure 53). The 

disorder in the "spike" made HOLZ diffraction rather poor. Little indication of the Al 

composition can be obtained from these results. Another, perhaps more convincing, 

indication of the presence of Al were the strong {002} reflections; figure 58b shows 

the ZOLZ from the spike and from a region with 5% Al. The best method of 

composition determination in this case would probably be the thickness fringe 

method. 

The HOLZ excess method was also applied to CdXHg1_XTe. Figure 59 shows HOLZ 

reflections from samples of approximately the same thickness, taken at 90K; see also 

figure 121. It was difficult to see much change in HOLZ fine structure with x at 90K. 

The ls(Te) and ls(Cd/Hg) are not well resolved and are rather strongly absorbed. A 

splitting is just seen at x=0.7 but not at x=1.0. The calculated variation of eigenvalue 
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Figure 56. Illustration of line scan extracted from HOLZ disc. 
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Figure 57. Cross sectional view of sample with Al "spike" (arrowed). 



Figure 58. (a) HOLZ reflections from the "spike". (b) ZOLZ reflections from x=0.05 
and from the "spike". 



with composition is shown in figure 60 for temperatures of 0,90K and 295K. From 

atomic number contributions alone (Debye-Waller factors of zero, T=0) a reasonable 

movement of the is cation branch is predicted. Mercury is rather weakly bound in 

(CdHg)Te; indeed Cd is known to destabilise the Hg-Te bond (Faurie 1987). The 

effect of increasing cation string Debye-Waller factor with decreasing x almost 

counteracts the increase in branch spacing due to the greater proportion of Hg present 

at 90K and at 295K Debye-Waller effects dominate, the cation string being weaker 

than the tellurium string for all compositions. Figure 61 shows how the projected 

potential for HgTe varies with temperature; the Hg well is only deeper than the Te 

well below 50K, though the Hg string is stronger than that of Te to temperatures 

above 90K. 

Other alloy systems might be more amenable to this technique; some would show a 

double-valued behaviour, for example Ga(PSb) or (AlIn)As, figure 62. It is hoped to 

investigate other systems if samples become available. 

Studies of HOLZ fine structure in Gaxlnl-xAsyPi-y were presented by Preston (1987) 

In this quaternary alloy, the strengths of the anion and cation strings can change 

independently and the determination of composition is not possible by the methods 

discussed above in the general case. However, when a relationship between x and y 

exists, for example when y=2.2x to ensure lattice matching to InP, some information 

may be obtained. Experimentally, the weakness of high angle diffraction indicated 

that the effective Debye-Waller factors for the quaternary were considerably higher 

than in the binaries, probably due to static disorder and transverse displacement waves 

which effectively broaden the strings, reducing the well depth, in the fashion of a 

temperature independent Debye-Waller factor (Cowley 1974). It was concluded that 

the HOLZ excess line method cannot be used for compositional determination in this 

system in the absence of good Debye-Waller data for alloys of known composition 
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Figure 59. HOLZ reflections from CdXHg1_XTe 90K, 100kV. 
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Figure 61. Variation of the projected potential for HgTe with T, 100kV. Hg strings 
are at the corners of the projected cell and Te strings at the centres. 



Figure 61. Variation of the projected potential for HgTe with T, 100kV. 
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Figure 61. Variation of the projected potential for HgTe with T, 100kV. 
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3.4 Composition determination methods based on vanishing structure factors 

The simple picture of string strength in terms of eigenvalues of the branches has great 

use in interpreting and predicting diffraction behaviour 03.3). In this section, a closer 

look is taken at the details of electron scattering by atoms, and the shapes of potential 

wells, revealing further possibilities in exploiting diffraction effects for composition 

determination and other quantitative analysis. 

The electron scattering form factor for an atom depends on the detailed arrangement 

of electrons in the various energy levels. Numerical solutions of the many electron 

Schrödinger equation for various elements (relativistic Hartree-Fock atomic wave 

function calculations) have been obtained by various authors. The electron form 

factor is given by 

00 

fel(s) = 8x2m0e/h2 [r2g(r)sin(4nsr)]/[43tsr]dr [33] 
0 

for atomic potential q(r) and 

s=sing/X (A`i) 

Parameterised fits are often presented as 

fel(s) = Zr=1, 
n aiexp(-bise) +c [341 

Smith & Burge (1962) presented figures for n=3, c=0, while the frequently used 

parameters of Doyle & Turner (1968) are for n=4, c=0. 

At temperatures above absolute zero, the shape of the function is modified by the 

atomic Debye-Waller factor, exp(-Bs2). Figure 63a shows fel versus s for Cd and Te 

in CdTe at 295K. From Bragg's law, 

sinO/A = 1/2d 

and the horizontal axis shows the s values for various reflections. Tellurium is seen to 

scatter more strongly than cadmium for all angles. The structure factor for reflections 

of type 4n+2 depends on the difference between fCd and fTe at the relevant s. In the 
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case of HgTe at 295K, figure 63b, the large Debye-Waller factor means that the Hg 

scatters less strongly than Te for s greater than about 0.2. The time-averaged electron 

distribution for Hg is less dense since the large amplitude of Hg atomic vibrations 

spreads the outer Hg electrons over a larger volume of space than those of Te; the 

potential well is broad and shallow. Previously, §3.3, the detailed shape was 

unimportant in the analysis of overall string strength. Figure 63b indicates that the 

structure factors for reflections of type 4n+2 around s=0.2 at 295K will be nearly 

zero. Figure 63c&d shows CdTe and HgTe at 90K. The vanishing structure factor in 

HgTe then occurs for s around 0.45. In HgTe, the s value for which the structure 

factor for a 4n+2 reflection would vanish is seen to depend on temperature, figure 64, 

for example {200} near 350K and {420} near 150K. A simple, string strength, 

picture, §3.3, predicted that all 4n+2 type reflections would be extinguished together 

at a critical temperature of about 50K 

In the alloy (CdHg)Te, the s value for vanishing structure factor depends on 

composition, as proportions of fcd and fIIg are combined, as well as on temperature. 

Table (II) shows the critical s as a function of composition and temperature. A 

significant part of the composition range (x<0.65) is covered by these phenomena at 

liquid nitrogen temperatures. At lower temperatures, the effect could be expected for 

higher x, though experiments requiring good tilting ability are very difficult below 

90K. 

For a particular composition and s (i. e. S200 or s420), there will be a "critical 

temperature" at which the reflection is extinguished. The disappearance will be 

masked by other effects, for example double diffraction, at major zone axes and an 

experimental set up needs to be devised in order to observe the effect. When set to a 

two beam condition, the variation of intensity with temperature might be studied. 

Diffracting geometries similar to those used for structure factor measurement (e. g. 

systematic row, §4.1, or 3 beam, intersecting Kikuchi lines, §4.5) might be tried. 
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X S95K S150K S200K S250K S300K 

0.0 0.50 0.37 0.31 0.25 0.21 

0.2 0.47 0.35 0.28 0.22 0.18 

0.4 0.43 0.32 0.13 0.10 0.08 

0.5 0.42 0.25 0.08 0.06 0.05 

0.6 0.25 ---- -- ---- ---- 

0.7 

1.0 

Table (II). Critical s as a function of x and temperature. 



The phenomena discussed here for (CdHg)Te are likely to be reproduced in other 

alloys with weakly bound heavy atoms; investigations of (PbMn)Te, (HgZn)Te and 

(PbEu)Se might be fruitful. 
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CHAPTER 4 

COMPOSITION DETERMINATION BY CRITICAL VOLTAGE 

MEASUREMENTS 

4.1 Introduction 

Critical voltages are phenomena of electron diffraction which produce effects, 

sometimes subtle, sometimes striking, usually distinctive, in electron diffraction 

patterns and TEM images. To more of an extent than many other phenomena, they are 

fairly thickness independent, a crucial feature being an extinction distance becoming 

very large as two branches of the dispersion surface become degenerate at some 

orientation and voltage. A wide variety of critical voltages exist and may provide 

information about the crystal potential. 

In this chapter, three types of critical voltages are discussed and explored with a view 

to composition measurement. Systematic row (planar) critical voltages may arise at 

certain orientations and voltages when a line of reflections is excited. The one 

dimensional planar potential is usually weak and the critical voltages are often high. 

At many zone axes, atoms line up in strings giving a stronger, two dimensional 

potential. Zone axis critical voltages require a many beam interpretation but may be 

more readily observable as they are often lower than planar critical voltages. Other 

diffracting situations may be exploited too. When a few non-colinear reflections are 

strongly excited, as, for example, may occur by tilting slightly away from a zone axis, 

critical effects may occur which are explicable, to a first approximation, by few-beam 

theory. The potential in this third type may be strong or weak depending on the 

orientation and the critical voltages are often called non-systematic. 
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4.2 Systematic row critical voltages and their applications 

When a crystal is tilted so that a row of beams is excited, the diffraction is termed 

systematic. A systematic row critical voltage occurs when two branches of the 

dispersion surface contact at a Brillouin Zone Boundary. The structure factors Ug, 

U2g etc. then bear a fixed ratio to one another. Trough the structure factors, the value 

of the critical voltage depends on crystal parameters such as temperature, 

composition, short and long range order and bonding. Subtle but characteristic 

changes can be observed in diffraction and imaging in the TEM at the critical voltage. 

Effects are only seen within ±5% of the critical voltage and it may be measurable to 

±0.5%. 

In order to interpret critical voltage data, models are needed with few parameters, as 

only limited voltage and temperature ranges are available, yielding only a few critical 

voltages in a given material. A good introduction to the factors influencing critical 

voltages in elements and alloys was given by Fisher and Shirley (1981). 

Nagata and Fukuhara (private communication 1966 to Uyeda 1988) observed that 

{222} extinction contours of Aluminium gradually became weaker as the voltage was 

increased, almost disappearing at 600kV, before becoming stronger again. Uyeda 

(1968) undertook studies of Kikuchi contrast as a function of voltage in various 

materials, thus beginning studies of systematic row (planar) critical voltages. 

Watanabe et al published critical voltage data for Fe20at%Al (1968a) and Fe, Ni and 

Al (1968b and 1969). In the latter papers, the X-ray structure factors obtained were 

compared with data from other sources. Lally et at (1972) presented a definitive 

account of the work on planar critical voltages. 

Three beam (0, g, 2g) diffraction was discussed earlier 01). Systematic row critical 

voltages can be accounted for by the three beam treatment, with small corrections to 
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allow for other reflections. The crystal is set at the second order Bragg position. Of 

the three important Bloch waves, waves 2 and 3 have the highest excitations; wave 1 

is the most strongly absorbed. Below the critical voltage, wave 3 is antisymmetric and 

the most strongly excited, while wave 2 is symmetric. As the voltage is raised (the 

critical voltage is approached from below), the kinetic energies of Bloch waves 2 and 

3 become more nearly equal until they become degenerate at the critical voltage. On 

passing through the critical voltage, the Cg values of waves 2 and 3 swap, thus 

interchanging the symmetries and excitation amplitudes of the two waves; above the 

critical voltage, wave 3 is symmetric and wave 2 antisymmetric. 

The intensity in the reflection 2g is given by [18] and [22] 

I2g(tNlj c(j)C2gQ)exp(2nikzQ)t)exp(-2xgO)t)12 [35] 

where C2gi) is t1 for the jth wave being symmetric or antisymmetric. When waves 2 

and 3 dominate, 

I2g(t)=Ij=2,3 Eü)C2pQ)exp(2xikzQ)t)exp(-2acq()t)+312 [361 

where 8 is the (small) contribution from all other waves. At the critical voltage, 

]z(2) _j(3) 

and 

C2g(2) =_C2g(3) 

giving 

I2g(t)vc= I C2g(2)exp(23cikz(2)t)[E(2)exp(-2xq(2)t)-e(3)exp(-2xq(3)t] +S12 [37] 

Clearly, the interference between waves 2 and 3 is at its most destructive at the 

critical voltage, and the intensity of the second order reflection is a minimum (not 

usually a zero). The visibility of the minimum depends on the extent of the 

cancellation of waves 2 and 3 and on S; the visibility is usually greater for thicker 

crystals (partly because Bloch wave 1 is absorbed out more). Observations may be 

achieved by noting the disappearance of the Kikuchi lines associated with the Bragg 

reflection or the disappearance of the central maximum of the dark field bend contour 

associated with the minimising reflection (Lally et al 1972), or by the disappearance 
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of the central maximum of the rocking curve profile in a convergent beam disc (Sellar 

et al 1980). 

An appropriate expression for the planar critical voltage can be derived from three 

beam theory. Expressions for the eigenvalues in this case were given earlier 01.5). 

Setting (K-kz)antisym = (K-kz)syrrº, 
positive+ 

U2+g2={-(U2-g2)+, /[(U2-g2)2+8U12])/2 [38] 

leads to the relationship 

U2= (U 12_U22)/g2 [39] 

Explicitly showing the dependence on the energy of the incident electrons, this gives 

the three beam expression for the planar critical voltage 

Vc=[h2c2g2V2g/{2e3(Vg2-V2g2) }-1]mpc2/e [40] 

(Metherell 1976). The value of the critical voltage depends on the strength of the 

potential; thus for a given reflection the critical voltage usually decreases for heavier 

materials and for a given material increases with larger g vectors. For many materials, 

the critical voltage is in the range 100-1000kV, accessible in high voltage electron 

microscopes. Results of three beam and n beam calculations are compared in table 

(III) Wetherell 1976). The differences are seen to be fairly small, but would be 

important in accurate work. (e. g. determination of ordering). It is worth noting that for 

V2g>Vg, as may be the case in materials with weak first order reflections, into which 

different atoms scatter out of phase (e. g. g={002} in zincblende), the critical voltage 

is negative and the technique can not be used with electrons. 

Higher order systematic row critical voltages can occur in different diffraction 

conditions. For a crystal set to the third order reflecting position, the four beam 

analysis of 0, g, 2g, 3g yields a relationship between structure factors giving a 

minimisation of the third order reflection. The symmetries of Bloch waves 3 and 4 

exchange at the critical voltage in this case, which is higher than the second order 

critical voltage and not often observable even in HVEMs. In general, the reflection ng 
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Element 

Al 

Cu 

Ag 

Au 

Reflection (2g) 

(222) 

(400) 

(222) 

(400) 

(440) 

(222) 

(400) 

(440) 

(222) 

(400) 

(440) 

3 beam Vc /kV 

597 

1271 

202 

512 

1950 

79 

318 

1379 

<0 

122 

874 

n beam Vc /kV 

620 

1150 

192 

505 

2000 

63 

300 

1420 

<0 

100 

890 

Table (III). Comparasion of 3 beam and n beam calculations. Wetherell 1976) 



minimises when Bloch waves n and n+1 become degenerate. Higher order minima are 

only shallow and are difficult to observe experimentally, as well as being less use in 

interpretation, due to the greater number of contributing Bloch waves and terms in the 

expressions. 

A great deal of useful work has been performed in HVEMs on close packed elemental 

metals and alloys. Fox and Fisher (1988) presented a summary of atomic scattering 

factors (structure amplitudes) deduced from critical voltage measurements. The value 

of a low order component of the crystal potential can be established very accurately 

using the value of the critical voltage and the higher order Fourier components of the 

potential, either calculated or obtained from X-ray data. The critical voltage is 

particularly sensitive to variations in scattering factor at low scattering angles, 

corresponding to rearrangements of outer atomic electrons. Such studies have allowed 

bonding information to be extracted; for example for copper and aluminium (Fox et al 

1989). Accurate structure factors for binary cubic solid solutions were determined by 

Fox and Fisher (1985,1986). The measurement of Debye temperature is possible by 

study of the temperature variation of the critical voltage (Lally et al 1971). In solid 

solutions, long and/or short range order may be present and may be measured (Fisher 

and Shirley 1981). An extensive analysis of critical voltages from ordered b. c. c. 

alloys was undertaken by Fox and Shirley (1983) and Fox (1983). Since only a 

limited number of critical voltages were available, the quantitative interpretation of 

their data was based on a few-parameter model. The . effects of temperature, 

composition and long range order were studied. 

The use of planar critical voltages in structure refinement was discussed by Vincent et 

al (1984). Second order critical voltage studies were limited by the high value of the 

critical voltages expected and higher order critical voltages were not observable. 
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An early application of critical voltage measurements to composition determination 

was presented by Butler (1972). He studied nickel-gold alloys in which the large 

difference in individual scattering factors gave a large variation in the critical voltage 

with composition. For the (400) reflection, the critical voltage is 620kV for nickel and 

about 100kV for gold. He calibrated the technique on single phase (quenched) alloys 

of known composition before using it to measure composition in multiphase, aged, 

samples. 

Magnesium oxide was studied by Hirono et al (1978). The (200) systematic critical 

voltage was measured as a function of temperature, yielding the temperature 

dependence of V200 and of the Debye-Waller factor. An interesting study of the mean 

square atomic displacement, determined by critical voltage measurements, in SiGe 

alloy, as a function of temperature, was presented by Eguchi et al (1987). A static 

mean square displacement was observed, arising from a random mixture of the three 

kinds of bond, with different bond lengths, and the temperature dependent mean 

square displacement was accounted for by the Debye model of lattice vibrations. The 

contribution of anharmonic vibrations to the Debye-Waller factors for silicon, 

germanium and various metals was studied by planar critical voltage and intersecting 

Kikuchi line methods (Matsumura et a! 1989). 

The diamond and zincblende structures are much less densely packed than the cubic 

metals and few planar critical voltages are accessible. For silicon the (333) critical 

voltage at room temperature is 1103kV and the (440) is 1101kV at 5150C, while for 

germanium at room temperature, Vc(333) is around 916kV and Vc(440) is 994kV 

(Fox and Fisher 1988 and references therein). 

In non-centrosymmetric crystals, the situation is more complicated. A measure of the 

non-centrosymmetric nature of the three beam case is expressed in terms of the phase 

angles of the reflections g and 2g: A=02g 20g. For small amounts of non- 
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centrosymmetry, a systematic critical voltage is still expected and is observable for 

i<3° (Serneels et al 1975). The visibility of the minimisation of the second order 

contour varies in a complicated way with thickness and A when i>3°. The different 

behaviour with A can be used to distinguish between centrosymmetric and non- 

centrosymmetric structures in the determination of the type of interstitial ordering in 

metals (Serneels et al 1975). 

The aim of the current work is to develop composition measurement methods for 

ternary II-VI and III-V semiconductor alloys. GaAs was expected to have planar 

critical voltages similar to those of germanium. Calculations were performed using 

full complex diagonalisation and Doyle and Turner atomic scattering factors. The 

many beam value for GaAs(440) (23 beams) was found to be 969kV for a 

temperature of 300K. Clearly, a composition, measurement technique in (AIGa)As 

based on this critical voltage is not viable in the Philips EM430. In the case of the 

heavy II-VI semiconductors HgTe and CdTe at 90K, the critical voltages for (440) 

(23 beams) were calculated as 400kV and 623kV respectively, again out of the range 

of the EM430, though a composition measurement technique in (CdHg)Te based on 

the variation of (440) critical voltage with composition might be viable in HVEMs, 

though displacement damage would be severe. 
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4.3 Zone axis critical voltages 

The general features of zone axis diffraction and the concept of string strengths were 

discussed in chapter 1. The projected structure varies with the zone axis. Some zone 

axes have a single type of string in which the atoms are accurately colinear and for 

which the strings are well separated. When the two dimensional array of strings is 

close-packed or nearly so, convergent beam electron diffraction or equivalent patterns 

have a characteristic form varying with the string strength and voltage. Other zone 

axes may have two or more types of cylindrical strings. Other possibilities arise for 

zone axes at which atoms are not exactly colinear or at which strings are in open 

arrays rather than being close packed. 

In the zincblende structure, zone axes fall into three classes. At axes of all odd indices 

(D 111JI 131,... ), the atoms line up in strings of a single type, populated by 50% anions 

and 50% cations. At [111] the strings are on a hexagonal (close-packed) array, whilst 

at other axes of this type, the arrangement is distorted hexagonal (figure 65a). At axes 

of one odd and two even indices ([100], [012],... ), anion and cation strings are 

separated and there are two strings per projected unit cell. At [100], the cell is square, 

whilst at [0,2n-1,2m] it is rectangular and at [2n-1,2m, 2p] it is rhomboidal (diamond- 

shaped or distorted rectangle) (figure 65b). At axes of two odd and one even index 

([110], [123],... ), the strings of anions and cations are so closely spaced that they form 

a "zig-zag" or molecular string, one per projected unit cell, arranged on a distorted 

hexagonal array, figure 65c. 

The single string case was described by Steeds et al (1976) and Shannon and Steeds 

(1977). [111] zone axis patterns from a range of isostructural materials of different 

mean atomic number were found to show great similarities at appropriate voltages for 

each material. The changes in fringe systems seen in the first Brillouin zone for 

increasing string strength and/or voltage were described. For equivalent values of the 
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string integral 01-7) the patterns are very similar. The origin and behaviour of the 

fringes was explained by the changing forms of the dispersion surfaces as the 

potential becomes stronger, either due to increase in string strength or increasing 

relativistic correction as the voltage is raised. The details will not be presented here, 

but an understanding of the origin of the zone axis critical voltage effect is 

appropriate. 

In the single string case, an atomic orbital description of electron states is appropriate 

for the bound states and those close to being bound. Branch 1 is always a is type state 

which is bound in the single string wells. As the wells become deeper due to 

relativistic correction as the voltage is raised, branch 1 drops deeper into the wells. It 

plays no part in the critical voltage effect described below. Branches 2,3 and 4 

dominate dominate diffraction for all but the weakest strings. When the voltage is 

below the critical voltage, branches 2 and 3/4 are unbound (nearly free) 2s and 

2p., /2py states respectively. When the voltage is above the critical voltage, 2/3 and 4 

are bound 2pX/2py and 2s states respectively; the order of nearly free states above the 

wells is generally different from that of bound states in the wells. The states have to 

re-order on entering the wells and the re-ordering is achieved by exchange of 

symmetry labels when the three branches become degenerate at orientations near to 

the zone axis, at the critical voltage, as the states sit at the well tops. Figure 66 shows 

schematically the changes in ordering and symmetry around a zone axis critical 

voltage. 

Re-ordering of higher numbered states occurs at higher voltages as they pass in 

groups from being unbound to bound with increase of voltage. Shannon and Steeds 

(1977) defined an nth critical voltage as one at which a degeneracy between the nth 

and higher order states occurs. Steeds et al (1977) found that 2nd critical voltages 

occured at values of the string integral (a measure of the number of bound states - see 

§1.7) of around 2.3 at {111} axes and 2.5 at {100}. In the single string case as the 
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voltage is raised above the 2nd critical voltage, the next critical voltage is the 7th, 

when the 4f and 3s/3p states re-order on entering the potential wells (see figure 67). 

The ordering of bound states follows the principal quantum number n and for states of 

the same n, the states of smallest 1 have the highest kinetic energy (i. e. are less 

strongly bound), hence the order 1s 2p 2s 3d 3p 3s 4f 4d... (Buxton et al 1977). 

For arrangements of single strings that are not close-packed, the degeneracy between 

2p, 
ß and 2py may be lifted and a pair or series of critical voltages occurs. In cases of 

2mm symmetry, for example at [110] in the f. c. c. structure, a series of critical 

voltages occur as accidental degeneracies between different branches occur at 

different voltages for different directions in the ZOLZ; as the voltage is raised, first 

2py, along [220], then 2p, /2py along [111] and then 2px along [002] become 

degenerate with 2s (Matsuhata and Steeds 1987b). 

The proximity of a critical voltage may be deduced from the presence of a very bright 

spot in the centre of the bright field disc in a CBED pattern, and of anomalous 

transmission effects. However, the precise measurement of the critical voltage by 

study of the bright spot is not possible since it persists for many tens of kV around the 

critical voltage. 

Matsuhata and Steeds (1987a) noticed that contrast in the dark field discs of a CBED 

pattern (for example {220} at [111] in zincblende or f. c. c. ) could also reveal the 

presence of a critical voltage, and facilitate its precise measurement. Figure 68 shows 

a voltage series in (CdHg)Te. Below the critical voltage, the side of the dark field 

discs closer to (000) is brighter than the outer side; this is most conveniently 

appreciated by study of the two bright spots positioned symmetrically about the centre 

of the dark field discs. Above the critical voltage, the side of the dark field discs 

further from (000) is brighter than the inner side, whilst at the critical voltage the 

intensities of the spots are equal. The precision to which the critical voltage may be 
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measured in a voltage variation experiment is discussed later, but the dark field 

method has proved successful in critical voltage measurement in many materials 

(Spellward and Cherns 1987, Matsuhata and Steeds 1987b, Eaglesham 1988). 

The origin of the change in contrast is revealed by study of the dispersion surface, 

absorption surface and excitation amplitudes for the 2s and 2p states (figure 6 of 

Matsuhata and Steeds 1987a). Figure 69 shows the pertinant details. Excitation tends 

to reside on branches near to the dispersion spheres; in the dark field (2201 case, this 

means 2s on the inner side and 2p on the outer side when below the critical voltage 

and 2p on the inner side and 2s on the outer side when above the critical voltage. The 

2s branch is always less absorbed close to the zone axis than the 2p, for all voltages. 

Thus the side of the disc where 2s is excited is brighter, being the inner side below the 

critical voltage and the outer side above. 

It is worth noting at this point that the schematic dispersion surfaces shown in figure 

66 and figure 69 are over-simplified. When absorption is treated properly (by the 

diagonalisation of the full complex matrix, rather than by the use of non-degenerate 

perturbation theory, which must fail near the critical voltage), it is found that the 

degeneracy and maximum excitation occurs in a ring of branch points at orientations 

a few percent of a Bragg angle off the exact zone axis orientation (Buxton and 

Loveluck 1977). Intensity calculations of CBED patterns and rocking curves by non- 

degenerate perturbation theory (NDPT) underestimate the intensity of the central 

bright spot (Shannon and Steeds 1977). The absolute value of the critical voltage 

obtained by calculation differs little between the two calculation methods, being 

basically a degeneracy in the real part of the eigenvalue (dispersion surface) unless 

the absorption factor is extremely large. 

Figure 70a shows dispersion surfaces and absortion surfaces calculated for 

Cdp. 4Hgp 6Te [1111 at 90K and 251kV with 85 beams by NDPT. The degeneracy 
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between branches 2/3/4 is seen to be on axis and the absorption diverges at the exact 

zone axis orientation. When calculated by complex diagonalisation, the form of the 

surfaces changes considerably. Figure 70(b) shows the equivalent surfaces to figure 

70(a) calculated at 251kV (below CV by complex diagonalisation), 253kV (approx 

CV) and 255V (above CV); clearly it is possible to establish the calculated value of a 

critical voltage of this type to an arbitrary degree of accuracy by repeated 

calculations. An estimate of the value of the critical value in the single string case can 

be made from a few beam calculation. In the case of 6mm projected symmetry 

(zincblende, f. c. c. and b. c. c. [111]), a seven beam calculation appealing to simple 

symmetry arguments (§ 1.5) can be used to deduce an approximate value of the critical 

voltage (Matsuhata and Steeds 1987a): 

V=5 11 {g2202 (U220+3U422+2U440)/[6U2202 + 

(U220+3U422+2U 0) (U220-U 0-Ud22)I -11 [411 

where Vc is in kV, g is in reciprocal A and the Ug are in A'2. For the (CdHg)Te 

composition mentioned above, the seven beam result using equation [41] is 208kV. 

The dependence of the value of the critical voltage on the various low order structure 

factors is seen in the equation. The ratios U440/U220 etc. depend on the Debye-Waller 

factor or mean squared displacement if effects other than simple thermal vibration are 

present. ZACV data can thus complement systematic row CV data and data from 

other methods in determination of structure factors and measurement of other 

quantities (§4.2 & 4.5). 

It was required to establish which materials and zone axes could show ZACV 

phenomena in the available voltage range (20.300kV). A rough guide to the strength 

of the string potential was discussed in § 1.7. The strength parameter S was defined as 

TZA/d for atoms of mean atomic number Z spaced d along a string which had an area 

A associated with it in the real space projection of the structure. For isostructural 

compounds, a given critical voltage occurs at about the same value of the strength 

parameter and the requisite T is therefore proportional to (a0Z)-1. 
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Figure 70a. Dispersion surface and absorption surface for Cd0.4Hg0.6Te [111] at 
90K, 251kV by NDPT. 
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Figure 70b. Dispersion surface and absorption surface for Cd0,4H80,6Te [111] at 
90K, 251kV by complex diagonalisation. 
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Figure 70b. Dispersion surface and absorption surface for Cd044Hg0.6Te [111] at 
90K, 253kV by complex diagonalisation. 
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90K, 255kV by complex diagonalisation 
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The [1111 zone axis in zincblende has a particularly simple arrangement of strings; all 

are identical and the arrangement is close packed hexagonal. Table (IV) shows the 

"strength" of [111] strings in various zincblende materials; simple geometry yields 
S= [ao (ZCAT+ZAN)/12A] A. 

No account of Debye-Waller factors has been taken in this simple treatment. Some 

calculated and experimental [111] ZACVs are indicated. Clearly [111] ZACVs are 

likely to be of use only for the heavy zincblende semiconductors. 

At [100], the interpenetrating f. c. c. sublattices become apparent and the area 

associated with each string is half that of the f. c. c. case. The strength parameter is 

or 

S=a0ZAN/8 

S=aOZCAT/8 

The strings in non-polar or weakly polar materials are less strong than at [111] and the 

[100] ZACV correspondingly higher. The critical voltage depends on the average 

string strength when the string strengths are similar (say within 20%, Steeds 1986, 

section 6.4), but when the string strengths are very different they act independently 

and the diffraction is more complex; in any case it is clear that [100] ZACVs are too 

high to be of use for these materials. Experimentally, the features seen in [100] CBED 

patterns were never indicative of a close critical voltage for any material studied in 

the accessible voltage range. 

At [110], the strings are "zigzag" in nature (or "dumbells" in projection) and 

complicated diffraction effects occur (see §6.2); the strings are also very strong; it is 

found that 

S= (ZCAT+ZAN)ao/2 

The second critical voltage at [110] is not of a simple form (see e. g. Matsuhata and 

Steeds 1987b) and for all but the lightest materials occurs at inconveniently low 
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Material S11111 Vc [111] /kV 

Si 12.67 *1320 

AlP 12.72 

GaP 20.89 

ZnS 20.74 

AlAs 21.54 

GaAs 30.13 

Ge 30.19 *715 

ZnSe 30.24 

CdS 31.04 

InP 31.31 

AlSb 32.69 

InAs 41.27 

CdSe 41.34 

ZnTe 41.62 

GaSb 41.82 

HgS 46.80 

CdTe 54.00 296 (295K) 

InSb 54.00 

HgSe 57.76 

HgTe 70.73 219 (90K) 

Cdp 4Hgo 6Te 251 (90K, 85 beam) 

208 (90K, 7 beam) 

Table (IV). Strengths of [1111 strings and ZACV where known. (* Steeds et a11977) 



voltages, or never occurs at all, the relevant states being bound without the assistance 
of relativistic well deepening. 

The temperature of a sample influences the ZACV for reasons mentioned earlier. To 

an extent, therefore, a second variable is available to enable critical voltages to be 

measured in the accessible voltage range. For example, CdTe at 90K has a [111] 

ZACV around 345kV, whereas at room temperature it is measurable at about 296kV. 

The possibility of temperature variation ("critical temperature") experiments is thus 

open to the researcher. 

The conclusions drawn from table (IV) are that ZACV measurements at [111] are 

useful for heavy III-V and II-VI binary and ternary semiconductors, while [100] and 

[110] are of no practical use for ZACV measurement with a view to composition 

determination in the Philips EM430. Other zone axes of the single string type are 

weaker than [111] and hence of no use; for example [113] has strength parameter a 

quarter of that at [111]. Other axes of the dumbell type are weaker than [110]; for 

example [112] is one sixth as strong as [110]. Whether [112] would be of any use for 

composition determination from ZACVs has not been fully investigated, but it seems 

unlikely since the diffraction is complicated and in fact for non-centrosymmetric 

crystals a true degeneracy does not occur at axes of this type 04.5 and Steeds 1988). 
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4.4 Composition measurement in CdxHgl_xTe 

Samples of CdXHg1_XTe (CMT) were available of various compositions x over the 

whole range Osxs 1. A programme of experiments was undertaken in order to 

determine the variation of [111] ZACV with composition in order to allow 

composition determinations of samples or regions of unknown x. Dynamical 

calculations were undertaken for comparison with experimental values; differences 

between experiment and theory can be due to, amongst other things, the use of atomic 

scattering factors (Doyle and Turner 1968) in the calculations, thus ignoring bonding 

effects, or due to temperature (Debye-Waller) effects. 

Preliminary studies indicated that diffraction from Mercury-rich material at room 

temperature was swamped by inelastic scattering; the Debye-Waller factors for HgTe 

are huge. Cooling samples to 90K using the Gatan model 636 double tilt liquid 

nitrogen stage improved diffraction greatly. In order to measure the [111] ZACV from 

a sample of known composition, CBED patterns were taken at a series of voltages. In 

general, a small probe (100A, microprobe #6) was needed since there was usually a 

rather high dislocation density in the samples. Only patterns with undistorted 6mm 

zero layer symmetry were used. At the critical voltage, the two spots either side of the 

centre of the {220} dark field discs have equal intensities. Good quality patterns can 

endure voltage variations over one or two kilovolts without having to adjust the 

microscope in any other way; the actual observations made by eye at the microscope 

in this "dynamic" fashion were invaluable in improving the precision to which the 

ZACV could be measured. It seemed possible to measure the ZACV to 1.5kV by 

study of negatives and this could sometimes be improved to 1kV by eye. No 

evidence of changes in observed ZACV with thickness was ever seen. The well- 

known equivalence of the effect of small changes in thickness and small changes in 

voltage on a CBED pattern when two Bloch waves contribute strongly (Tatlock 1975) 

70 



does not apply near to critical voltages due to the dominance of one very long 

extinction length. 

Calculations were performed using non-degenerate perturbation theory in order to 

establish the critical voltage for various compositions. For 0<x< 1 the "average" cation 

scattering factors were established by simple proportion from those for Cd and those 

for Hg. Debye-Waller factors for Cd and Hg were taken from those for CdTe and 

HgTe from Reid (1982) while that for Te was taken by interpolation between HgTe 

and CdTe. Doyle and Turner (1968) did not present scattering factors for Te, so the 

six parameter fit of Burge and Smith (1962) was used for that element. Eigenvalue 

convergence was found to be satisfactory with 85 beams. Absorption was treated in 

the simple approximation of the imaginary part of the potential being 10% of the real 

part. In due course it is intended to repeat these calculations using the imaginary form 

factors of Bird and King (1989a, b and § 1.3). 

Experimental and calculated results are shown in figure 71 for 90K. Above x=0.7 the 

[111] ZACV is more than 300kV and thus inaccessible in the EM430. A good straight 

line was noted between x=0.2 and x=0.7, while below x=0.2 the function departs from 

the linear behaviour. Material of interest commercially is in the range 0.2 x 0.7; no 

alloy samples were available for x<0.2. Several freshly prepared samples of HgTe 

were examined, all yielding the same value of the ZACV. The higher than expected 

value of the ZACV suggested mercury loss (weaker strings). Since this would 

presumably occur in the near surface regions of TEM samples due to evaporation or 

depletion in the etch, the ZACV might be higher for the thinner regions of the sample. 

No such effect was noticed, however. There is a minimum thickness below which 

ZACV measurements by the study of the {220} discs are not possible due to the 

relevant features filling the whole discs (less than about 1000A). If Hg loss was 

responsible it would be from most of the TEM region; it is known that the diffusion 

coefficient for Hg is high (Harman 1987). The theoretical calculations showed some 
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bowing away from the linear form, probably because of the unusually large Debye- 

Waller factor associated with mercury. The more pronounced bowing seen in 

experiments may be due to an extra static Debye-Waller factor, or the effect of 

particularly heavy absorption due to the high atomic number of mercury. It is known 

that in In,, Gai. 
XAs, the bond lengths remain unchanged through the series but the 

bond angles vary, giving an x dependent static Debye-Waller factor (Mikkelsen and 

Boyce 1983). A similar effect may occur in CdXHg1_XTe. Alternatively the 

experiments may be detecting a change in the nature of bonding in the material as it 

becomes metallic; further investigations to investigate this effect are planned. 

The calibration line was established by a least squares fit giving (for 0.2sxs0.7 at 

90K) 

Vc=141x + 203 [41] 
The theoretical gradient agreed extremely well, being 1.38kV/% and the offset of 

only 6kV indicated that free atom scattering factors are a good approximation in this 

material; there seems to be little charge transfer, as witnessed by the comparatively 

weak bonding; HgTe formation is in fact endothermic and Cd is known to weaken the 

Hg-Te bond (Faurie 1987). 

Critical voltage measurements at room temperature were possible for x>0.5. No alloy 

material was available for x>0.7. A calibration line was established at room 

temperature and covered the range 0.51xs1.0. Calculated values are also shown in 

figure 72. 

It is not intuitively obvious that a plot of x versus VC should yield a good straight line. 

The critical voltage is related to the critical relativistic factor, Tc, by 

(Tc-1)511(kV)=Vc 
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The string strength S is proportional to TZ/(a+bB), for mean atomic number Z and 

Debye-Waller factor B; a and b are constants. The critical voltage occurs when the 

string strength reaches the critical value, Sc; 

Sc « TZ/(a+bB) 

In this material, B=cZ+d, where c and d are constants, so 

T" « (eZ+f)/Z 

hence 

Vß/511 +1 « (eZ+f)/Z 

which gives a functional form 

Vc=p/Z+q 

Now, since x=0 for Z=66 (HgTe) and x=1 for Z=50 (CdTe), we know Z=66-16x, so 
VC = p/(r-sx) +q 

This is clearly not expected to be a straight line. Experimentally and computationally, 

we have been investigating only a small section of the (y=1/x) type curve and it 

appears as approximately straight; the curvature at the ends of our range may be a 

manifestation of the true nature. An approximate straight line was seen by Butler 

(1972 and §4.2). Fox (1988) noted that approximate straight lines are nearly always 

seen in experiments of this type. 

A temperature series was undertaken for one sample. Due to the time constants 

associated with the heating or cooling of the sample it was found that a critical 

voltage experiment was considerably easier than a critical temperature experiment. 

Experimental and calculated data are shown in figure 73. Calculations reproduce the 

trend seen in experiment. 

Some time after this experimental work had been completed, facilities became 

available to digitise diffraction patterns and images held on film. Implementation of 

simulation, display and manipulation of CBED patterns was undertaken after the 

arrival of the University's IBM3090 mainframe computer and the Microstructure 
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Group's Vax 3100 workstation (Spellward 1990 and §6.2). Digitisation and 

subsequent analysis of CBED patterns might allow the ZACV to be measured more 

precisely. It is not clear if the ZACV will be pinpointed more accurately, since it is 

not clear from the theory whether it is peak intensities in the spots that should be 

equal at the ZACV, or else integrated intensities over the spots (which are, in any 

case, slightly different shapes). Of course, for the purpose of establishing a calibration 

line and subsequent measurement of unknown compositions the actual criterion used 

is unimportant as long as it is used consistently. A more useful and realistic 

application might be the idea of determining the ZACV from a single CBED pattern 

by deducing how many kV above or below the ZACV the pattern is, via the use of 

computer analysis of the digitised pattern. Since a voltage series would not be 

required in order to establish the ZACV, the spatial resolution would be improved as 

there would be no need to refocus between voltage steps, and contamination would be 

much reduced. Figure 74 shows experimental and simulated patterns at 90K, for 3kV 

below the experimental and calculated critical voltages respectively and figure 75 is 

an example of a linescan extracted. This work is ongoing. 

A number of applications of the [1111 ZACV composition measurement technique 

can be reported here. Since its publication (Spellward and Cherns 1987) a number or 

workers have expressed interest in its use (Taiariol 1987, Graham 1987, Frigeri 1988, 

Schmirgeld 1988). A tendency for low x samples to lose mercury with time was noted 

via ZACV measurements; for the calibration line, freshly etched samples were always 

used. A wafer of "unknown" composition (specified by G. E. C. as "about" 0.2) was 

shown to have a composition of x=0.28±0.02. After ion-milling a sample of 

x=0.28±0.01 in the PIMS machine using Argon ions, the milled region was damaged 

and had lost Hg, perhaps due to heating. Studies of CBED were just possible and the 

ZACV was found to have increased by 15kV, indicating a composition of 

x=0.35±0.04 
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Figure 75. Linescan extracted across (2-20) disk. 
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A cross-section of a HgTe layer grown on CdTe was prepared using iodine ion 

milling. A series of ZACV measurements was made along a line perpendicular to the 

interface. The presence of Cd was detected over a micron into the HgTe, due to 

interdiffusion from the substrate at the growth temperatures used. Figure 76 shows the 

variation in [111] ZACV with position along the line. 

A partially interdiffused multilayer of CdTe/HgTe was studied extensively by TEM 

02.2). but samples were never of sufficient quality to enable CBED to be obtained. 

4.5 Non systematic critical voltages 

So far, systematic row critical voltages, in which a line of reflections is excited, and 

zone axis critical voltages, in which an extensive two dimensional mesh of reflections 

is excited, have been discussed. Various intermediate and other cases exist and can be 

exploited for composition measurement. When a small number, for example 4, 

reflections which do not lie is a single row are strongly excited, so-called "non- 

systematic" critical voltages may occur. In weakly diffracting potentials, for example 

in the intersections of high order Kikuchi lines, analytical solutions may be obtained. 

In strongly diffracting potentials, for example when a crystal is tilted just off zone 

axis orientation, diffraction phenomena may be understood in a first approximation by 

a "few-beam" treatment, though a full many beam calculation is needed for 

quantitative comparisons. In these non-systematic cases, "critical-orientation" effects 

also occur and can also provide useful information, increasing the number of useful 

measurements which may be made within the operating range of the electron 

microscope. 

Consider the general three beam case, (0, g, h), figure 77 . The diffracting condition 

can be described by the excitation errors sg and sh. The line GG' is the zone boundary 
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for reflection g and HH' for reflection h. At the position T, kinematically, the Bragg 

condition is satisfied for g and h simultaneously. The excitation errors may be 

obtained from 

Ksg=r. g 

and 

Ksh = r. h 

where r(x, y) is the position of the projected Ewald sphere centre at a general 

orientation, r being measured from T as shown. The lines GG' and HH' also represent 

the projection onto the [g X h] plane of the respective 2 beam dispersion surface 

minimum gaps, which occur at the Bragg orientation, figure 78a. 

When 3 beams are present, the dispersion surface is modified near the 3 beam point 

and the positions of the perturbed 2 beam gaps are along hyperbolae GH' and HG'. 

Previously (§ 1.5 & §4.2) we discussed the 3 beam systematic case (0, g, 2g), in which 

s2g=0 and sg is fixed; here we allow both sg and sh to vary, though it is often 

preferable to work with one fixed and zero. The geometry of figure 78 is conveniently 

mapped out in bright Kikuchi lines of dark lines in CBED bright field disks. The 

contrast of a Kikuchi line is proportional to the corresponding gap at the dispersion 

surface (Gjennes & Heier 1969). In the general case, 

F-2KIczQ) U Uh Co =0 [42] 
U_ 2Ks 2k4G) UC 
Uhg Uh-g 2KSh-2 _0) Ch 

Non centrosymmetricity can be treated (Marthinsen & Hoier 1988) but we restrict the 

treatment to centrosymmetric cases (in work on zincblende structures, 

centrosymmetric projections are used). A similar treatment to §1.5 reveals that there 

are two symmetric solutions and one antisymmetric solution. Eliminating CO, Cg, Ch 

yields 

(2Ksg - 2Kk () + Ug /2Kk J») (2Ksh - 2KG) + Uhl/2Kkz) = 
(Ug_h + UgUh/2KkzO)) [43) 
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which is cubic in the eigenvalues kZGW. For degeneracy between one symmetric 

solution and the antisymmetric solution (branches 2 and 3), the kzQ) may vary via sfi, 

sh or the relativistic T factor contained in the Ugs. Hence an extinction occurs at some 

orientation-voltage combinations; since the dispersion surface gap is zero at the 

degeneracy, the Kikuchi contrast is zero. Gjonnes and Hoier (1971) showed that the 

extinction occurred for 

S9 = (Ug%Uh) (U2g-h - Ugh)/Ug-h; 

Sh = (Uh/Ug) (U2 
-h - U2g)/Ug-h [44] 

hence if the position of the degeneracy (sg, sh) in the pattern can be measured with 

sufficient accuracy, it can be used to obtain relationships between structure factors. A 

comprehensive study of three beam effects in Kikuchi patterns was given by Gjennes 

and Hoier (1969). 

Practically useful cases occur for pairs of lines of greatly differing strengths. For 

strong h and weak g, the so-called Intersecting Kikuchi Line (IKL) method is 

applicable (Tafte & Gjonnes 1985, Gjonnes et al 1987, Gjonnes & Matsuhata 1987). 

On crossing the strong band h, the weaker line g splits and is extinguished at some 

point (figure 78b). For Uh >> Ug the extinction is on the line sh=0 and to a first 

approximation, 

sg = -Uh/2x 

giving a value of Uh without needing to know Ugh; this is not the case in the 

systematic critical voltage method. The other line segment has an intensity minimum 

corresponding to the minimum separation between the other symmetric solution and 

the pair of states near degeneracy (branches 1 and 2/3). The structure factors of Cu 

and Cu3Au were determined by the IKL method, revealing details of ordering in the 

alloy (Matsuhata et al 1984). 

Clearly, three beam studies of this type provide a method of determining structure 

factors which, chosen with care, might lead to composition determination. 
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Composition sensitive reflections in zincblende tend to be weak since anion and 

cations scatter into them out of phase, however, and a fuller analysis than that 

presented above would be required for, for example, h=g. The value of IKL studies 

should be recognised, however, particularly due to the fact that high voltages are not 

required. For example, the (220) structure factor of SiC was measured at 100kV by 

IKL as opposed to 2MV by systematic row critical voltage (Tafte & Gjonnes I985). 

The three beam case presented above may be extended to four beams. In the general 

case, the reflections need not be coplanar. Because of the large radius of the Ewald 

sphere, in practical cases the reflections will be coplanar (i. e. in the ZOLZ) or nearly 

so (if HOLZ is included). In the four beam case, there may be up to four degeneracies 

between Bloch states (Gjennes & Matsuhata 1989). In the present work, non- 

systematic four beam cases were studied. The use of symmetry allowed the four beam 

equations to be solved analytically to a first approximation 01.5). The perturbation 

approach of David et al (1978), in which rows of reflections were treated first and 

then a weak interaction between rows was included as a perturbation, was not 

adopted. The non-systematic, few-beam, method will be explained with reference to 

an example; close to [111] in the diamond or zincblende structure, a centrosymmetric 

four beam situation can be realised by tilting to the Bragg condition for (-422) 

(s422=0). The diffracting set up has 2mm symmetry as shown in figure 79. The 

fundamental equations are 

-2KkZG) Uh U Uf Co =0 [451 
Uh 2Ksh-2KkzU) Uh- Uh-f 

Ilg 
u 2Ks9 ý2Kýczul 

1U ýf Uý 
f fh fh 2Ks 2kz 

Ch 

Cf 

Now, Up=Ug, Uh_g=U f=Ug, Uhf =Ug_f. Making these substitutions and solving on the 

horizontal mirror, sh=Q, 

-2KkzG) Uh uU Co =0 [46] 
Uh -2KkZGW Uý Ug Ch 
uU -2KkZU)g+2Ksg 

üh c 
Cfg U9 Ug Uh-f -2Kkz0)+2Ksf. 
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Along a mirror line, one Bloch wave is antisymmetric and the remaining three 

symmetric. As before (§4,2), we seek degeneracies. In the antisymmetric case, 

Ca=-Ch, Cf=Cg=O and kZ(3)=-Uh,. In the symmetric case, Co=Ch, and [46] reduces to 

=0 [471 U -2Kkkgl u Ug Ceig ÜUg 
2KsýÜ Uh-) 

g h-e 2Ksf-2Kkz C 

The eigenvalue equation is obtained from the determinant: 

(Uh-2KkZO)(2Ksg 2KkzO))(2Ksf-2KkZO)) + 4U2gUh_f - (Uh-2KkZ(»)U2h-f 

- 2(2Ksg 2Kkz0)U29 - 2(2Ksr2KkzW))U29 =0 [48] 

Putting kk(3) = -Uh, gives the condition for a degenerate eigenvalue in terms of s9 and 

sf and the structure factors: 

(2Ksg+Ug U2g/Uh)(2Ksf+Uh"U2g h) = (Uh-f U2g/uh)2 491 

Defining sg, f as s(1±x), where s is the excitation error at the centre of the 4 beam 

configuration and x is the distance along the line sh=0, there are two degeneracies 

occurring along the line for x satisfying 

(2Ks)2x2 = 4K2(s+Uh-Uh-f)(S+Uh+Uh-r2U2g/Uh) [501 

The condition for x=0, ie a single degeneracy at the symmetrical point, is 

2Ks=2U g/Uh 
- Uh - Uh-f [51] 

This is a non-systematic critical voltage, observed as a vanishing of the Kikuchi line 

below Vc. Alternatively, the "critical orientation" can be measured as the distance 2x 

at some fixed voltage (Marthinsen et al 1988, Spellward 1988). Figure 80a shows the 

(-422) LACBED patterns from silicon, revealing how the degeneracies move together 

as the voltage is increased, coalescing at the symmetrical point at the critical voltage 

and disappearing above the critical voltage. Figure 80b shows (-422) CBED disks 

from GaP at 90K at the voltages indicated around the critical voltage (279kV). 

If Ug>Uh, as when g=(-220), h=(-422), 2Ks is positive and degeneracies occur. This 

means that g and f must be inside the Laue circle and explains why no degeneracies 

occur on the other mirror line. Other centred arrangements of beams are possible and 

some are discussed below. 
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Figure 80a. Silicon (-422) LACBED. 
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The four beam dispersion surface along sh=0 was given by Gjonnes and Matsuhata 

(1989) and explains qualitatively what is seen even in the strong diffraction near 

[111]. In our many beam calculations, a pair of degeneracies between branches 3 and 

4 is seen below the critical voltage and as the voltage is increased they move towards 

the M point, -422/2. At the critical voltage, the degeneracy is at the M point and 

above Vc, there is no degeneracy, figure 81. 

The value of the non-systematic critical voltage depends on the structure factors. 

Since the diffracting condition is so close to [111] it is intuitively obvious, though not 

proven, that the value of Vc is simply related to the strength of the single type of 

string, as in the zone axis case. Extensive calculations and experiments were 

undertaken for light and medium weight zincblende binary and ternary 

semiconductors and many exhibit this critical effect within the available voltage 

range; results are described in §4.6. 

Other "diamond" arrays of spots may be studied, bearing in mind that degeneracies 

occur at positive voltages only when the corners which lie on sh=0 are within the 

Laue circle. Such diffracting set ups were sought near the [002] band to facilitate 

work on cross sections at high spatial resolution, with interfaces vertical rather than 

tilted as in the [111] case. 

Sheared diamond 4 beam cases were reported by Matsuhata and Gjonnes (1988), for 

example h=(150) near [513] zone axis in Sn02. The diffracting set up has only 2 fold 

rotation symmetry but a similar treatment to that presented above can be applied. 

Marthinsen et al (1988) noted that true degeneracies do not occur in the case of non- 

centrosymmetric projections; a minimising of the gap between branches 3 and 4 is 

observed, rather than a true degeneracy. A pseudo critical voltage may be said to 

occur and may be detected (Steeds 1988). 
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Another accidental degeneracy was observed near the [001] zone axis (Gjonnes, 

Matsuhata et al 1989). When ZnS was tilted towards the Bragg condition for (440), a 

five beam set up may be attained, figure 82. Along the symmetry line s200°s020, the 

solution of the diffraction equations may be performed analytically, yielding two 

antisymmetric and 3 symmetric Bloch waves. A reversal in contrast between two 

halves of a feature in the (240) disks reveals the critical voltage. 

A configuration similar to the (000), (-220), (-202), (-422) set up can be observed by 

tilting to the Bragg condition for (6-60), figure 83. Eight beams are significantly 

excited, but symmetry considerations dictate that on the mirror line s66o-0, 

degeneracies may occur (Gjonnes, Matsuhata & Tafte 1989). 

4.6 Composition measurement in (AIGa)As and other light and medium weight 

ternaries 

The four beam non-systematic critical voltage discussed above is of use of the lighter 

II-VI and III-V materials. Calculations and experiments were performed for a range of 

II-VI and III-V binaries and ternaries. Table [V] shows calculated and experimental 

values for various binaries. Four beam calculations can give a rough idea of the value 

of the critical voltage, or the critical orientation at a fixed voltage. However, for 

realistic calculations, 91 beams were used. 

AIXGal_XAs is a very important material in advanced semiconductor devices. The 

variation of the (-422) critical voltage with composition was investigated 

experimentally and by calculations. Figure 84 shows the results obtained from 

material of known composition in the range of interest (direct band gap). 

Compositions of unknown samples or regions can be determined to a few percent via 

a critical voltage measurement, and, it is anticipated, using a computer-aided analysis 
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Material 

GaAs 

ZnS 

ZnSe 

GaP 

GaP 

InP 

InAs 

Si 

Temperature/K 

295 

90 

90 

295 

90 

90 

90 

295 

Experimental/kV 

157±2 

255±2 

206±3 

205±5 

279±1 

80±10 

<50 

«300 

Calculated/kV 

135 

255 

204 

205 

280 

90 

70 

293 

Table M. Measured and calculated (-422) critical voltages. 



of a critical orientation method, figure 85. This new method of determining local 

compositions in AIXGai_XAs is especially valuable as methods based on lattice 

parameter changes are insensitive due to the very small change from AlAs to GaAs 

and also because X-ray microanalysis is confused by overlapping peaks (§3.1) Figure 

84 was published by Spellward and Cherns (1989). The best fit line is 

Vc = 74x + 156 [52) 
Theoretical calculations agree well with the available experimental data, figure 86. 

The trend of critical voltage with x is similar; the absolute values are a little different 

since neutral atom scattering was assumed. As discussed earlier 03.3), the lack of 

good Debye-Waller data for AlAs hampers calculations. Calculations showed a 

change of slope for high x; this is unexpected and is not seen in, e. g. Zn(SeS), figure 

87. If samples of AlAs were available, a TEM critical voltage or critical orientation 

measurement would be valuable in determining the Debye-Waller factors; it seems 

likely that they should be less than those used in calculations (0.5 for Al and 0.5 for 

As); this would reduce the critical voltage as the [1111 strings would be made 

stronger, straightening the line. 

Zn(SeS) layers were under investigation at Bristol 02.4) and composition 

determinations were desirable. In the case of this ternary, the Vc versus x line was less 

steep, the gradient being about 0.5kV/% and composition measurements would be 

correspondingly less precise. The calculated values agree rather well with experiment, 

as is also the case for GaP, see table [V]; this may be regarded as fortuitous. 

The quaternary semiconductor InXGai_XAsyPI-y is important for semiconductor lasers, 

especially for fibre optics. The materials science of InGaAsP is very interesting since 

it may exhibit spinodal decomposition, ordering and clustering (see e. g. Mahajan et al 

1989). Some compositions of InGaAsP decompose spinodally into InAs and Gap rich 

phases, with different lattice parameters. Contrast is seen in TEM samples on two 

scales. A coarse "basket-weave" of period around 1500A is seen, thought to be 

82 



X200 
cu 
D) 
cc, 

0 

rc) 
V 

-a- 

ISO ý, 

x in AL xGa1 _x 
As 

Figure 84. Variation of (-422) critical voltage with composition in Al Ga 1_, ýAs, 295K. 

Figure 85. Illustration of computer-aided determination of critical orientation. 

GaAs 02 a4 



0-) 

20 

160 
N 

120 
0.00 

y in 
0.50 

14i 
1 .1 
I% 'j I lii <A 

Figure 86. Variation of experimental and calculated values of (-422) critical voltage 
with composition in Al., Gai_. As, 295K. 

X40 
C 

> 200 

'- V 

(N 160 

120 
0 

1. {-. Jl 1ý1 

I 

: Ft 

)0 

Figure 87. Variation of experimental and calculated values of (-422) critical voltage 
with composition in ZnSex, Sl_x, 90K. 

Xin 
ZnSxSel-x 



composition and lattice parameter modulation, made visible by stress relaxation 

(Cherns et al 1987). A fine speckle on the scale of 150A or less is also seen in some 

samples, thought to be strain fluctuations or composition and strain fluctuations 

(Liddle et al 1989). In assessing such phenomena, the ability to measure local 

compositions is valuable. 

(-422) critical voltages at 90K vary from 280kV (GaP) to 70kV (InAs). A 

measurement of the (-422) critical voltage is not sufficient to determine the 

composition because there are two variables, the anion ratio x and the cation ratio y. 

The conventional phase diagram for InGaAsP is shown in figure 88a. Lines of 

constant lattice parameter and constant mean atomic number are shown. A 

composition could be uniquely determined if the lattice parameter could be measured 

and the mean atomic number inferred from, for example, a critical voltage 

experiment. Using calculated (-422) critical voltage data interpolating Debye-Waller 

factors from the binaries, figure 88b shows line of constant (-422) critical voltage as 

well as constant lattice parameters. The lattice parameter could be measured using the 

HOLZ deficiency line method discussed in §3.2.2. Thus if the quaternary alloy was 

strain free and the Debye-Waller factors were well behaved, a composition 

measurement could be made relatively easily. Unfortunately, this is not the case. In 

particular, the Debye-Waller factors for the quaternary must be regarded as unknown. 

There may be considerable static disorder, lattice distortion (bond angle variation, 

Mikkelson & Boyce 1983 and §4.4) and strain. In practice, HOLZ lines are often 

invisible due to the anomalously large Debye-Waller effects (Preston 1988) and the 

lattice parameter measurement would not be possible by the HOLZ method. Methods 

based on spot patterns do not have the required spatial resolution to be useful, given 

the scale of compositional variations. The (-422) critical voltage gives a measure of 

the mean atomic number in the sample. At other orientations, effects might be 

detected which give a measure of the difference between the mean cation atomic 

number and the mean anion atomic number; this might be expected at two string axes. 
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These ideas have not been properly investigated, but it seems likely that for a 

composition determination, still more measurements would be needed at the point of 

interest, in order to account for the (4) unknown Debye-Waller factors. 

84 



CHAPTER 5 

ALTERNATIVES TO CONVENTIONAL CBED IN 

COMPOSITION DETERMINATION BY ELECTRON 

DIFFRACTION 

5.1 Introduction - 

In convergent beam electron diffraction, a focussed probe is incident on the sample in 

the TEM. The size of the probe may be adjusted via the first condenser lens, at the 

expense of brightness for smaller probes, and to some extent by the size of the 

condenser aperture, at the expense of convergence angle for smaller probes. A 

practical minimum size, giving large enough convergence angles to allow CBED 

discs a significant proportion of the Bragg angle in diameter and adequate brightness 

is 50.100k. In making point by point composition measurements, the spatial 

resolution achieved is dependent on the probe size and, in experiments requiring a 

voltage series, on the accuracy with which the probe can be held in position through 

successive voltage changes and the requisite lens current adjustments to recover the 

pattern. The "one shot" critical voltage methods discussed in §4, requiring only a 

single micrograph, obviate the last consideration. 

In principle, the sensitivity of diffraction features to critical voltages and other 

composition sensitive effects should have an equivalent in imaging when the sample 

is suitably oriented. In parallel illumination diffraction contrast techniques, spatial 

resolution is related to the size of the objective aperture used. Other techniques which 

combine real and reciprocal space information in one micrograph are available with 

various spatial resolutions and may also be exploited in composition measurement. 
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5.2 Diffraction contrast imaging 

CBED dark field discs map out the variation of diffracted intensity with orientation; 

or equivalently with deviation parameter (figure 7). Rocking curves for a particular 

reflection are maps of the dynamic shape function for the reflection in a particular 

direction. For parallel illumination a single value of k is selected and with the correct 

choice of s(x, yz) can be one which is compositionally sensitive; figure 89 refers to 

the {2-20{ reflections at [111] in CdTe. 

For a perfectly flat sample with exactly parallel illumination contrast might be 

expected in the dark field image due to compositional variations. In figure 89 for 

k=kl CdTe would diffract more strongly whereas if k=k2 HgTe rich regions would be 

brighter. In practice such a condition is hard to set up since in parallel illumination the 

CBED pattern is absent. Most samples are not flat or of uniform thickness. Samples 

which are not flat lead to a variation in diffraction condition with position on the 

sample and thickness changes add complications to the interpretation of any contrast 

observed. 

For samples which are slightly bent in a simple way, it is sometimes possible to tilt 

such that the composition-sensitive diffraction features are present on the sample 

illuminated area. Parallel illumination is used and s varies over the sample due to 

sample bending. This "bend contour microscopy" or "real space crystallography" was 

first used before the availability of CBED (Steeds et a! 1973). The spatial resolution is 

defined by the size of the objective aperture used to select the dark field reflection; 

this is typically 10-100% of g220 in diameter, equivalent to roughly 2-20A. The 

angular resolution is limited by any non-parallelism of the beam. Figure 90 shows the 

(-422) dark field contrast in an experiment of this sort. By tilting it may be possible to 

bring the composition sensitive feature (the line within the diamond) to a position of 

interest, for example near to an interface. The aim of such an experiment would be to 
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see contrast changes arising from a composition difference, and to quantify it. Figure 

91 shows schematically what we might expect to see for a HgTe/CdTe boundary and 

{2-20} diffraction contrast at about 260kV and 90K. Experimentally, it was very 

difficult to achieve the conditions required, mainly because the crucial variable, the 

bending of the sample, is outside the microscopist's control. While bend contour 

microscopy remains a viable method for study of diffraction from homogeneous 

samples, it is not well-suited to measuring composition differences in inhomogeneous 

samples. 

5.3 Use of Large Angle Convergent Beam Electron Diffraction 

In conventional CBED, the incident probe is focussed on the sample, minimising the 

illuminated area. The convergence angle of the probe is limited to the Bragg angle 

between adjacent beams by the need to avoid overlap of CBED discs, unless 

coherence-related effects are being studied. For many materials and zone axes, 

particularly complicated structures with large unit cells, discs of this size are often too 

small to show useful internal symmetry information and in point and space group 

determination it is desirable to increase the angular field of view. The large angle 

CBED (or Tanaka) technique was developed to allow bright and dark field discs of 

angular diameter up to S. or more to be examined (Tanaka et al 1980). In this 

technique, the probe is focussed above or below the sample and a circular region of 

the sample, typically a few microns in diameter, is illuminated. An important 

consequence of this is that a "shadow image" of the illuminated area is superposed 

with sharp diffraction information in the CBED discs. The coexistence of real space 

and reciprocal space information in a single micrograph is valuable in some studies 

but may be inconvenient in others. 

LACBED may be achieved by keeping the probe focussed on the object plane, 

keeping the object plane imaged to the image plane and raising or lowering the 
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sample from the object plane (figure 92a), or by keeping the sample at the object 

plane and over- or under-focussing the probe and imaging the plane of crossover by 

adjustment of the objective lens (figure 92b). Multiple images of the probe are formed 

in the image plane, and to observe single LACBED discs without overlap, a single 

image is selected by insertion of a suitable selected area aperture. Vincent (1989) 

discussed the choice of selected area aperture size for various situations. He also 

discussed the effect of spherical aberration and described the optimum method of 

achieving LACBED in the Philips EM430. 

In the current work, LACBED patterns were studied with a view to composition 

measurement with good spatial resolution. The spatial resolution in the "shadow 

image" is equal to the probe size in the object plane, if aberrations are neglected. 

Spherical aberration introduces some barrel or pin-cushion distortion into the "shadow 

image" but this is not too severe (Vincent 1989). The "magnification" of the "shadow 

image" can be varied with respect to the diffraction by changing the height of the 

sample or by (interdependent) adjustment of the second condenser and objective lens 

currents. In many of the composition-sensitive reflections, a very large angular field 

of view is not required and the probe size may be further reduced by using a small 

condenser aperture. 

For reasonably flat specimens, useful information can be gained from bright and dark 

field patterns. Figure 93 illustrates the coexistence of real and reciprocal space 

information in a {2-20} dark field LACBED pattern taken near the critical voltage for 

(CdHg)Te. By translating the sample, the compositionaly sensitive spots may be 

brought to regions of interest. Figure 94 shows a {200} dark field pattern taken from a 

cross section containing an (AlGa)As layer in GaAs, also illustrating the presence of 

sharp spatial information in the pattern. 
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Figure 93 (2-20) dark field LACBED from CdXHg1_XTe. 

Figure 94. (200) dark field LACBED from (AIGa)As/GaAs layer. 



An extension of the LACBED technique to allow simultaneous recording of the bright 

field and all dark field discs is available. "Many-beam" LACBED may be achieved 

from conventional LACBED by adjustment of the diffraction focus control. Bright 

and dark field discs with the same angular diameter as in conventional LACBED are 

produced, with some loss of sharpness in the diffraction. The exact Bragg positions 

are at off-centres of dark field discs (Tanaka and Terauchi 1985). Other many-beam 

methods are available; so-called selected area CBED was described by Tanaka et al 

(1988); in this mode the angular field of view in each disc is limited by the selected 

area aperture and the Bragg positions can be brought to the centres of diffraction discs 

(an advantage in point and space group determination). 

In LACBED at [1111, each {2-20} contour comes from a different area of specimen. 

Thus compositional information from 12 points can be obtained from the 6 {2-20} 

contours. Using the many-beam LACBED technique, it is possible to obtain all the 

relevant information in a single exposure. Figure 95 shows a many-beam pattern from 

a (CdHg)Te sample. These patterns are similar to CBED patterns taken away from 

crossover in which the diffraction focus has been correctly adjusted. Figure 96a shows 

a many-beam LACBED pattern and figure 96b an away from crossover pattern from a 

similar area of a twinned (CdHg)Te layer. In many of the cross sectional samples of 

interest 02), the lack of flat areas, due to ion milling, often preferential, was a major 

problem in applying these LACBED based techniques. 

5.4 Convergent Beam Imaging 

Convergent Beam Imaging (CBIM), (Humphreys et a! 1988), is another technique in 

which real space and reciprocal space information are simultaneously present in a 

single micrograph. In LACBED, the diffraction information is sharp, while the 

"shadow image" is somewhat out of focus; in CBIM, the reverse is the case. 
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Figure 95. Many beam LACBED from Cd,, Hgl_,, Te. 

Figure 96a. Many beam LACBED. Figure 96b. Away from crossover CBED. 



Conventional selected area bright and dark field images are formed in the image plane 

with parallel illumination incident on the sample and convergent beam images are 

formed in the same plane simply by using convergent illumination, the electrons 

being focussed above or below the sample; clearly they are also related to away from 

crossover CBED patterns. In CBIM, as in conventional imaging, the spatial resolution 

is limited only by the size of the objective aperture 05.2). The angular resolution is 

reduced compared to CBED and depends on the probe size and beam convergence. 

CBIM was first used to measure local strains by exploiting HOLZ deficiency lines 

03.2) superposed on the bright field image (Humphreys et al 1988); good angular 

resolution was needed in that work and it was essential to use the smallest probe 

available. In the current work, the zero layer diffraction contrast is exploited instead, 

and the loss of angular resolution is insignificant for the coarse zero layer features 

involved (Spellward & Cherns 1989). 

CBIM is particularly useful with flat specimens. A probe is first placed near the 

region of interest and the specimen is tilted to bring the composition sensitive features 

into the CBED disks. The probe is then defocussed and an objective aperture is 

inserted around the bright field or relevant dark field disk; returning to image mode a 

convergent beam image is produced. Figure 97 shows a (-422) dark field convergent 

beam image from a flat sample of silicon. Figure 98 shows bright field and (2-20) 

dark field images from a (CdHg)Te layer (c. f. figures 10 & 96). Figure 99 shows an 

(AlGa)As/GaAs multilayer imaged at the (-422) critical voltage of GaAs. At the 

indicated region, GaAs is bright and (AIGa)As dark because the latter has not attained 

intensity at the centre of the (-422) rhombus (c. f. figure 80). (-422) CBIM can also be 

seen in figure 100. A single GaAs quantum well is situated at the position indicated, 

it showing enhanced contrast when crossed by the (distorted) central line of the 

rhombus. 
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It was felt that CBIM was the most useful of the techniques discussed in this chapter, 

preserving as it does good spatial resolution whilst allowing the desired diffraction 

features to be brought to regions of interest on the sample. However, as with the 

LACBED techniques, interpretation is far simpler if the sample is flat. 
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CHAPTER 6 

POLARITY DETERMINATION IN ZINCBLENDE STRUCTURE 

SEMICONDUCTORS 

6.1 Introduction 

A number of methods have been proposed and applied to the determination of the 

polarity of samples of II-VI and III-V semiconductors. Methods based on 

transmission electron diffraction are of particular use since they may be applied to 

samples on which microstructural characterisation is also performed. An alternative 

technique in the TEM is ALCHEMI (Atom Location by CHannelling Enhanced 

MIcroanalysis) (Spence and Tafte 1983). On macroscopic samples, chemical etching, 

indentation hardness tests and X-ray diffraction may be employed. In UHV 

conditions, surface sensitive techniques (RHEED, XPS and Auger Electron 

Spectroscopy) may be employed. 

Etching techniques rely on the production of pits when the surface is preferentially 

attacked where a dislocation or other defect emerges. The shape of the pits may vary 

depending on the surface orientation being studied and some faces may not etch at all. 

Liliental-Weber and Parechanian-Allen (1986) demonstrated different etching 

behaviour on {111} faces in GaAs with an etch of HF: H202: H20 (1: 1: 2). Lu et al 

(1985) showed how etch pits on CdTe(100) were preferentially elongated in one 

<110> direction. They also noticed that dislocation densities determined by counting 

etch pits varied with the etch used. For polarity determination, the etching technique 

requires calibration by another method. Etching is an important tool for crystal 

growers to ensure (111) substrates are the correct way up. Results from different 

workers are sometimes contradictory (Fewster and Whiffin 1983, Hewat et al 1988, 

Glanvill et al 1989). 

92 



The use of Auger Electron Spectroscopy can distinguish (111)A and (111)B surfaces. 

Lu et al (1987) showed that the polarity of very clean 1111 ) surfaces of CdTe could 

be determined by AES; this provides a pre-growth facility in a suitably equipped 

MBE chamber. The Auger spectrum obtained is studied and the ratio of the peaks 

from two types of Te electrons measured. The (NOO) electrons come from very close 

to the surface (escape depth 5Ä), while (MNN) electrons come from a thicker layer 

(escape depth 15A). The (NOO) electron signal is thus very dependent on the 

chemistry of the first atomic layer (Te or Cd). 

During growth of epitaxial layers by MBE, the surface reconstruction of the growing 

layer can be monitored by RHEED. Hsu et al (1986) studied growth of CdTe on CdTe 

and Cdp. 96Znp. 04Te and established the reconstructions of (111)A and (-1-1-1)B 

surfaces. They were able to deduce the growth surface of CdTe(111) on GaAs(100) as 

the (-1-1-1)B face. This result was confirmed by X-ray photo-electron spectroscopy 

of the initial stages of CdTe growth on GaAs. Study of the Cd to Te ratio as a function 

of thickness indicated that the first atomic layer was Te, before growth of CdTe 

started; the GaAs growth surface is covered with Te and then by CdTe in which the 

growth direction is (-1-1-1)B. 

Unlike electron diffraction, in which scattering is strong and multiple, where Friedel's 

Law does not apply, X-ray diffraction is usually unable to distinguish (hkl) and 

(-h-k-1) planes in non-centrosymmetric structures. Fewster and Whiffin (1983) used 

X-rays on the short wavelength side of an absorption edge of Te to give a situation in 

which Friedel's law is not obeyed and the polarity of a sample of CdTe could be 

determined. Absorption leads to a phase difference between the structure factors FhkI 

and F h-k-i for non-centrosymmetric reflections and by careful comparison of 

intensities from {111) and {333 } reflections, they established the polarity of their 

sample. 
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Microindentation is a commonly-used technique for studying low temperature 

deformation characteristics of brittle materials. Mechanisms of dislocation production 

and propagation can be studied and differences in behaviour between the A(g), B(g), 

A(s) and B(s) dislocations noted. The behaviour may be correlated with the doping 

level in the material since deep levels associated with dislocations may be filled or not 

depending on the Fermi level. Barbot et al (1988) showed that for Cd. Hg1_XTe, the A 

face is harder than the B face for all compositions. Hirsch et al (1985) studied GaAs, 

finding that for n-type material, the A face is harder; the contrary is true for p-type 

material. These studies are too extensive to describe here, yielding much information 

on slip, deformation and dislocation behaviour. The polarity of a macroscopic (111 } 

sample could be determined by reference to the work mentioned above, though the 

technique is rather destructive. 

The ALCHEMI technique depends on the probability density of the fast electron 

wavefunction being sharply peaked on different atomic sites as a function of depth in 

the crystal and crystal orientation. Tafts (1983) showed that the As/Ga characteristic 

X-ray fluorescence ratio in GaAs is enhanced at the exact (111) Bragg orientation and 

diminished at the exact (-1-1-1) orientation. Christensen and Eades (1988) produced 

an ALCHEMI map around the (200) Kikuchi band, showing orientations at which 

enhancement was pronounced. Allen and Roussow (1989) performed a very thorough 

analysis for [111) systematic row diffraction in CdTe, allowing polarity to be 

determined from an ALCHEMI experiment. 

High resolution electron microscopy may be able to determine the polarity of a TEM 

sample, provided sufficiently thin areas exist, by comparison of structure images and 

extensive computer simulations. Glaisher et al (1987) reported polarity determination 

in InAs and GaAs at 400kV and 500kV respectively. Wright et al (1988) were able to 

determine the polarity of a sample of GaSb at 300kV. The method requires extensive 

simulations and comparison as well as high voltages and thin samples and cannot be 
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regarded as a routine technique. For a full discussion, see Smith et al (1989). HREM 

studies of the reconstructed edge of very thin specimens may also indicate the polarity 
(Hutchinson et al 1989). 

Electron diffraction methods of polarity determination exploit the strong multiple 

scattering occurring within crystals. Friedel's Law does not hold and the intensities of 

(hkd) and (-h-k-1) reflections are not, in general, equal. Various diffracting situations 

are useful for polarity determination. In each case at least two non-systematic 

reflections are excited. Zone axis (many-beam) cases have been studied, as have non- 

systematic cases with only a few beams excited. 

Tafte and Spence (1982) tilted [011] specimens of GaAs 10° or more in the (200) 

plane and studied orientations where a {200} and two large g odd-index reflections 

were at the Bragg condition. Differences in the features of the (200) and (-200) 

convergent beam discs were seen. For thin samples (c 2000A at 100kV), constructive 

or destructive interference leads to bright or dark crosses in, say, (200) and (-200) 

discs respectively. This effect, which can be used to determine polarity, can be 

explained by the thin crystal approximation of multiple scattering. For crystal 

thicknesses up to a few 100A, the phase change due to increasing thickness is 

negligible for weak reflections and the phase at Bragg orientation is influenced 

mainly by the relative phases of the structure factors and the phase change of -x/2 

associated with each scattering process. Analysis of a particular orientation showed 

that the direct scattering into (-200) was x out of phase with the scattering via the two 

excited HOLZ reflections, whereas the direct scattering into (200) is in phase. The 

effect of (200) systematic reflections, ignored in the analysis, would be to reduce the 

extinction length for the {200} but leave the phases unchanged. Implementation of 

the method to determine polarity requires selection of a suitable three beam condition 

from the large number on the (200) contour between [001] and [011] and indexing it 

correctly in order to interpret the various combinations of bright and dark crosses seen 
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in (200) and (-200). The crystal thickness must be sufficient to allow significant 

intensity to be scattered to the HOLZ and back to the ZOLZ. If the crystal is too thick, 

both (200) and (-200) show bright crosses, of different intensities. The method works 

best for materials with a small degree of non-centrosymmetry. For materials with 

stronger {200} reflections and hence shorter extinction lengths, the maximum 

thickness for which this method is useful is reduced. Ishizuka and Taftr (1984) 

suggested that, in these materials, use of e. g. {600} might be helpful. 

The method of Taftes and Spence was further reported by Liliental-Weber and 

Parechanian-Allen (1986), who also calibrated a chemical etch for GaAs polarity 

determination. Liliental-Weber et al (1988) found the method valuable in 

characterising anti-phase boundaries in GaAs grown on Silicon. 

Lu and Cockayne (1986) determined the polarity of CdTe samples using Tafte and 

Spence's method, but reported its failure for CdS and ZnTe, due to these materials' 

high degree of non-centrosymmetry. 

The polarity of (110) oriented CdTe samples was determined by Hewat et al (1988) 

using selected area diffraction patterns. They used a slightly convergent probe 

focussed on the sample to give diffraction discs to allow comparison of intensities. 

Since uniformly flat specimens are difficult to achieve, they used a thin wedge; the 

resulting diffraction patterns represent an integration over thickness from 0-450A. 

The ratio of intensities of (hkl) and (-h-k-1) can be used in conjunction with computer 

simulation of the diffracted intensities (in their work by multislice calculations) to 

determine the polarity. The method is useful when convergent beam electron 

diffraction cannot be achieved on a researcher's instrument, but requires thin crystals 

and rather perfect wedges. It should be applicable to all non-centrosymmetric 

materials, but is insensitive for those which are only slightly polar. 
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Two methods of polarity determination using inelastic scattering have been proposed. 

Bird and Wright (1988) showed that thermal diffuse scattering may retain phase 

information and polarity may be determined from two-beam Kikuchi lines. For thin 

crystals (less than the extinction length), the mirror symmetry across the Kikuchi-line 

pair is broken and one line of the pair is bright and the other dark. By comparison of 

simulation and experiment at a suitable orientation, the polarity may be determined. 

The orientations required are not major zone axes and, as with the Tafte and Spence 

method, thin crystals are required and the method fails if the material is too polar. 

Allen and Roussow (1989) and Glanvill et al (1989) looked at convergent beam 

patterns from the (111) systematic row in symmetrical orientations. Asymmetry 

between (111) and (-1-1-1) can be explained and predicted by inclusion of mean and 

anomalous absorption using an Einstein model for thermal diffuse scattering. If the 

sample thickness and temperature are known, simulation can be used to identify the 

[111] direction and hence the polarity may be determined. 

A number of TEM methods of polarity determination have been described. It is 

desirable to have an easily set-up, simple to interpret means of polarity determination, 

applicable to all zincblende structure materials. Techniques requiring laborious tilting 

or extensive simulation on each application are undesirable. Work in collaboration 

with A. R. Preston has showed that it is possible to deduce polarity by comparison of 

CBED patterns taken at the easily-located [110] zone axis with simulations (Preston 

and Spellward 1988). The simulations require considerable computer power and time 

but only need be done once; other workers can establish polarity in their samples very 

easily by reference to our patterns. Only a single CBED pattern needs to be taken and 

its relative rotation with respect to the image established. An "atlas" of polarity 

determined patterns for all important zincblende materials at a variety of thicknesses 

is in preparation. This work is described in detail in the next section. 
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Study of HOLZ ring branch structure at [001] for composition determination in 

ternary materials was undertaken (see §3). During this work, asymmetries in HOLZ 

reflections were noticed and can be ascribed to the non-centrosymmetry of the 

materials, providing a convenient method for distinguishing [110] and [1-10] in [001] 

samples from a single diffraction pattern taken at normal incidence, provided a HOLZ 

ring is visible. This work is described in §6.3. 

The sensitivity of absorptive processes to polarity was pointed out by Bird and King 

(1989c). In suitable experimental situations, such as Vincent patterns, it may be 

possible to measure the sign of a phase angle in order to determine polarity; 

investigations are planned. 

6.2 Polarity determination by matching of [1101 CBED patterns and simulations 

In discussing polarity it is vital to know exactly how terms and indices are defined 

and great care must be taken in choosing a self consistent set of conventions and 

equations for use in calculations, simulations and interpretation. 

A polarity determination means that the absolute chemical orientation of the crystal is 

established. Equivalent directions such as [001] and [010] are indistinguishable but 

inequivalent directions such as [111] and [-1-1-1] may be distinguished. Three 

directions need to be specified in order to do this, conveniently the sense of the basis, 

and two specifically indexed reflections. Two may be chosen freely and the third 

determines the polarity. If a zone axis is assigned specific indices and a direction in 

the ZOLZ is assigned specific indices, then a polarity determination establishes the 

sense of the basis. If the basis sense is defined and a zone axis is assigned specific 

indices, then a polarity determination will distinguish +g and -g. If the basis sense is 
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defined and a direction in the ZOLZ is assigned specific indices, then a polarity 

determination will decide if the zone axis is [hkl] or [-h-k-1]. 

The basis is conventionally defined with a metal atom at (-1/8, -1/8, -1/8) and non- 

metal at (1/8,1/8,1/8), or equivalently metal at (0,0,0) and non-metal at (1/4,1/4,1/4). 

It is convenient to refer to an "arrow of polarity", being a vector pointing from metal 

to non-metal within each basis unit (i. e. the vector (111)/4) and to "bond vectors" as 

being vectors pointing from metal atoms to all 4 adjacent non-metal atoms (i. e. the 

vectors (111)/4, (1-1-1)/4, (-11-1)/4, (-1-11)/4). 

For example, consider [001] and [00-1], figure 101a. Let the basis be the conventional 

one referred to above. If we demand that the zone axis is [001], then the "arrow of 

polarity" points up (its projection on the zone axis is parallel to the zone axis 

direction), while at [00-1] it points down (its projection on the zone axis is anti- 

parallel to the zone axis direction). The "arrow of polarity" manifests itself as a 

distinguishability between, for example, [110] and [1-10]. Along [110] and [1-10], the 

atoms line up in dumbbell chains (figure 65c). At [00±1], [1; 10] is the direction 

along which bond vectors in the chains project along [00; 1], while [1±10] is the 

direction along which bond vectors in the chains project along [00±1], see figure 

101b. 

{ 111 } planes with one of the four bond vectors parallel to the plane normal are metal- 

terminated (A-type: (111), (-1-11), (-11-1), (1-1-1)), while {111} planes with one of 

the four bond vectors anti-parallel to the plane normal are non-metal terminated (B- 

type: (-111), (1-11), (11-1), (-1-1-1)). At a <111> zone axis, using the conventional 

basis, a polarity determination indicates whether the zone axis is A-type or B-type, 

i. e. which way the crystal is up in the microscope, figure 101c. 

99 



r ro , *3 

"e 

d. 
OA*wh 

*Sk C1To) 

[oo%) 0 

" metal 

0 
non-metal 

o - 

r 7o3 

114 

-%fb 

d 
ý: fib 

rHo7 
Cool] Q 

4P 

ýi arrow OF potarity 

Figure 10Ia. "Arrow of Polarity" at [001] and [00-1]. 

- -bord vector 

McLGL Coot 
t0 non"rýetwý 

C 1103 Cl ) 

--tw 
9w 

Cooi7 
t 

ar"-o LITo] 

Coo ýý 

Figure 101b. "Bond Vectors" at [001] and [00-1]. 



mV surf ac. A 

1 
Dksctbn 

Ti 

Cd 

I [0011 
Dksctbn 

Figure 101c. Zincblende structure showing (111)A and (-1-1-1)B faces. 

(1B Surface 5 



The conventional basis of metal at (0,0,0) and non-metal at (1,1,1)/4 was used in all 

calculations in the current work. 

Zone axis CBED patterns contain information about the symmetry and structure of a 

material. The intricate details of the fringes and other features in the pattern can 

reveal much about how fast electrons propagate in the crystal. Study of particular 

aspects of these patterns can yield information on, for example, composition 03-5) or 

ionicity (Spence 1988). The exact form of the pattern for a particular material at a 

given zone axis depends on the accelerating voltage and the thickness. In order to 

simulate such patterns, various simplifying assumptions are made. The atomic 

scattering form factors must be known and Debye-Waller factors are required. 

Clearly, a perfect match between experiment and theory, in addition to being hard to 

quantify as such, would be unlikely, and indeed fortuitous. 

In order to determine the polarity of samples of zincblende structure semiconductors, 

CBED patterns were taken at [110] at a variety of thicknesses and voltages, in order 

to identify situations in which a prominent asymmetry between (002) and (00-2) is 

seen. [110] is the most strongly dynamical direction in this structure, which makes 

simulations more time-consuming. [110] was chosen because of its ease of 

identification, its usefulness on cross sectional samples, especially in low tilt 

microscopes (as is often the case in. HREM machines) and the fact it is accessible 

from both [111] and [100] plan view samples. Simulations were performed to index 

the patterns correctly, thus allowing polarity determination. 

Due to the requirement to produce simulations for thick crystals and considering the 

available programs, a Bloch wave approach was used, rather than a multislice one. In 

order to simulate a CBED pattern, it is necessary to calculate the intensity as a 

function of orientation in a two dimensional array covering the Brillouin zone; CBED 

discs are simulated as square arrays of MxM points. One dimensional line profiles 

100 



(rocking curves) can be calculated and compared with densitometer traces from 

experimental negatives, or linescans extracted from digitised micrographs, but visual 

matching of the whole pattern is more satisfactory. In order to be sure of a realistic 

simulation, it is important to ensure that the projected crystal potential is well 

described. Preliminary calculations indicated that, due to the deep potential wells at 

[1101, a large number, N, of beams (Fourier coefficients of the potential) are required 

before the eigenvalues for the tightly bound states converge. Figure 102a shows the 

eigenvalues of various states in GaAs as a function of the number of beams in the 

calculation. In all but very thin crystals, branches 1 and 2 are heavily absorbed and 

make little contribution to the CBED pattern; see below for a fuller discussion of the 

distribution of excitations. The computing time required for the simulation is 

approximately proportional to N3M2. This represents the time taken for 

diagonalisation of the dynamical matrix. The use of N=91 was deemed satisfactory. 

Since the variation of intensity with orientation in the patterns is gradual (there is little 

fine detail), a relatively small M could be used; M=16 was chosen in early work and 

M=25 later. Once the eigenvectors have been found, the intensities for any thickness 

can be generated rapidly. Intensities were scaled to 0 to 255 for manipulation on the 

SEMPER image processing package. Use may be made of the (2-20) mirror; only half 

the pattern needs to be calculated. 

Computing resource usage is an important constraint on such simulations. Initial work 

was implemented on the ICL 2980 mainframe at SWURCC. For M=16 and N=91,1.5 

hours CPU time was required. Later work on the new Bristol IBM 3090 was less 

constrained. After some months implementation, the microstructural group's 

dynamical program suite was able to be run on the IBM 3090. A new, improved 

version of the CBED pattern simulation program was written and new routines for 

display using SEMPER 6.2plus and the group's VAXSTATION 3100 were prepared. 

For a vectorised diagonalisation, the CPU usage on the IBM 3090 is: 

CPU time (minutes) = 1.05x10'7N3M2 
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This represents an increase in speed over the ICL 2980 of 9.1 times. There is a fixed 

(small) time taken for program compilation and a time penalty for large volumes of 

output, for example if many thicknesses are required; the calculation of the intensity 

distribution for each thickness is very fast, but writing data to files takes time. The 

usual limit on resource usage was 240 minutes, though clearly a pattern could be split 

into several pieces, calculated separately, and recombined later. For N=85 beams, the 

maximum number of orientations for 240 minutes CPU time is 61x61, while for 

100x100 orientations the maximum number of beams is 61. The programs written for 

this work are being extensively used for similar and other applications by other 

members of the microstructural group. 

In performing dynamical calculations, there are many steps at which a sign change 

could be introduced into the final output. In order to check the Bristol dynamical 

program suite, a simulation using the suite was compared to a manual calculation. A 

set up of the form discussed by Tafto and Spence (1982) 06.1) was considered. Near 

the [625 262 0] zone axis on the (002) band, it is possible to excite : t(002) and two 

HOLZ reflections. The electrons arriving in ±(002) having been diffracted to the 

HOLZ and back may interfere constructively or destructively with those arriving by 

the direct, single scattering route, depending on, the phase difference over the two 

paths, giving either a bright cross or a dark cross in the {002} reflection. The phase 

change is given in the thin crystal approximation by 

1w = -1Ut/2 +Fii=l, n wi 

where the w; are the phases of the n structure factors in the scattering path. Figure 

102b shows the scattering paths. The phase change over 

(000) -4 (-139) -) (002) is -n + 4-139+ 41-3-7 = -3C + 3n/4 +3 t/4 = +n/2 

while over 

(000) --j (002) is -x/2 + X002 = -X/2 +n= +n/2 

which is in phase; thus (002) shows a bright cross. The phase change over 

(000) -- (-137) ---) (00-2) is -x + ý-137+ 41-3-9 =-+ 5x/4 + 5x/4 = +3n/2 
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while over 

(000) --) (00-2) is -ßc/2 + 400-2 = -X/2 +n= +n/2 

which is x out of phase so (00-2) shows a dark cross. 

The dynamical suite produced the opposite sense of light and dark crosses, figure 

102c, indicating an odd number of sign changes, thought to be one, due to rocking the 

beam rather than the crystal. Thus the suite was "calibrated". 

Experimental [110] patterns were obtained for GaAs (figure 103), InP (figure 104), 

InAs (figure 105) and CdTe (figure 106) and were matched with simulations. GaP and 

ZnSe patterns and simulations are currently under study. This work provides an 

"atlas" of polarity-determined [110] patterns, which is expected to be of value to 

researchers within the Bristol group and beyond (Spellward, paper in preparation). 

Similarities between the patterns for InAs, InP, CdTe and GaAs 250kV may be noted, 

while GaAs 150kV is unlike the others. 

In experimental work on GaAs, it was noted that at 200kV, [110] zone axis patterns 

seemed peculiarly insensitive to polarity, whilst clear asymmetries could be seen at 

150kV and 250kV. An explanation of this behaviour requires some study of 

diffraction from "dumbbell" strings. Dynamical calculation were performed at various 

voltages in the range 100-300kV producing dispersion surfaces, excitations and 

electron probability density distribution plots. 

The projected potential is shown in figure 107. In projection, the "zigzag" string gives 

two closely spaced potential wells; the difference between them is related to V200 

(figure 108). Strongly bound states will be localised in atomic wells while weakly 

bound states may be localised in a "molecular" well. 
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At all voltages studied, branches 1 and 2 are non-dispersive, strongly bound and 

absorbed is states localised on atomic (Ga or As) strings, with small excitations. The 

branches dominating diffraction are branches 3,4,5 and 6. At 100kV, they are all 

"molecular" type, being "bonding" and "antibonding" combinations of atomic 2p 

states, depending on whether or not electron probability sits between the strings. At 

100kV, branches 3 and 4 are bonding states, combining p orbitals on the Ga and As 

strings and 5 and 6 are antibonding states on As and Ga respectively, figure 109a. 

Along A ([0021), there is/are a degeneracy between branches 4/5 and 3/4 (figure 

110a), which is similar to that in silicon (Matsuhata and Steeds, 1987b). However, 

over most of the first Brillouin zone, all four branches have significant excitations and 

the features seen in CBED patterns are a complicated function of the interactions of 

the branches. Along A, two branches dominate, 3/4 and 5; see figure 11la. 

At 250kV, branch 3 remains a bonding p combination but is not significantly excited, 

branch 4 and branch 6 are the antibonding p states on As and Ga respectively and 

branch 5 is the most excited branch and is a combination of atomic 2s states (figures 

109b and 111b). There is a "transition" voltage, calculated to be 170kV, using a full 

complex diagonalisation for absorption, at which the nature of branches 4 and 5 

changes. This is thought to be the voltage at which the states become "bound" in the 

atomic wells rather than the molecular well; this is illustrated schematically in figure 

112. An alternative description might be to say that they have become more localised, 

undergoing a Mott type transition. The exchange of symmetry labels and reordering 

of states is reminiscent of the zone axis critical voltage effect 04). The ordering in the 

wells (s ps... ) is not as noted previously (s sp... ) and an explanation for this is being 

sought. A relevant discussion was given by Buxton et al (1978). 

At the "transition voltage", polarity produced asymmetry is masked by other contrast 

effects and similarly at nearby voltages. The experimental value has not been 

established precisely, but is around 200kV. The dependence of "transition" voltage on 
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string strength is being investigated with a view to another composition determination 

method, at a zone axis useful for cross sections. At [310], weaker dumbbell shaped 

strings (less far apart and less densely populated) are present. It is anticipated that the 

atomic to molecular transition voltage will be higher in this orientation, perhaps 

making similar phenomena observable in the heavier materials. InAs, InP, CdTe and 

GaAs(250kV) are all above the transition and represent one family of patterns, hence 

the similarities between them, whilst GaAs(l50kV) is below. 

Exploitation of changes in contrast when states become bound in first the molecular 

well and then, as the voltage is increased, the atomic well, might allow the 

measurement of the bonding strength from the difference in the "critical" voltages, 

and perhaps V200 can be deduced from the different behaviour of states bound in the 

atomic wells. 

6.3 Polarity determination at [0011 by study of broken symmetry in the HOLZ 

ring. 

At [001], the ZOLZ is non-polar, containing no reflections of type 4n±1. The HOLZ, 

however, contains such reflections. Studies of HOLZ rings revealed a reduction in 

symmetry from the 4mm seen for silicon (figure 113) to 2mm in the zincblende 

structure materials (figure 114 for GaAs). The mirror across the (220) band is 

preserved, but that across (200) is broken. Comparing reflections separated by 

m(200), for m odd, across a (200) band, intensity differences can be seen in the 

innermost branch in the two HOLZ discs. The ability to distinguish, say (17 -5 1) 

from (17 5 1) would allow the polarity of a TEM sample to be determined simply by 

correctly orienting the diffraction pattern with the real space image, provided a HOLZ 

ring is visible (figure 115). The [110] direction is distinguished from [1-10) by 

comparison to the indexed patterns; for example, the [110] direction is INCLUDED 
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Figure 113. Si[00111 OOkV 295K. 



Figure 114. GaAs[0011 100kV 295K. 
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Figure 115. Illustration of method of polarity determination. 



between pairs of "one branch" (weak inner branch) {17 5 1) in GaAs at the [0011 

zone axis. 

The effect was most prominent in materials of low polarity (small difference in 

strength between the cation and anion strings). Results for CdTe, GaP, InAs, IlgTe, 

InP (atomic number differences 4,16,16,28,34, but recall the discussions of §3.3-4 

with reference to the weak strings in HgTe) and (CdHg)Te are shown below (figures 

116 to 121 ). The asymmetry seems to persist for all thicknesses for all materials, at 

least at room temperature, though in GaP the effect is rather less prominent in thick 

samples. Thickness sequences for GaP and GaAs are shown below, figure 122. 

Clearly, this effect provides a convenient experimental method of polarity 

determination, in a single exposure, at an easily found orientation, provided the 

patterns can be correctly indexed by comparison with simulations. 

The underlying reasons for the observed behaviour are not obvious. Existing HOLZ 

theory 01.4) uses a quasi-kinematical treatment for HOLZ and it is not clear how a 

non-polar ZOLZ can induce asymmetry into the HOLZ. Calculations showed that 

asymmetry between HOLZ reflections of type 4n±1 could be produced with and 

without absorption and occurred when HOLZ reflections were put into the dynamical 

matrix one at a time, as well as when calculations were performed with two or more 

HOLZ. The former observation indicated the phenomenon to be characteristic of the 

basic structure and the latter confirmed that it was not a product of intra-HOLZ 

interactions. Without absorption, the asymmetry decreases with thickness in 

calculations; its persistence in experiment indicates that absorption has a role in the 

effect, though it is probably not its root cause. Calculations using a parameterised 

absorption of 5% did not reproduce experimental rocking curves very well, however. 

The change in asymmetry with polarity (I Zcatioä ZanionJ), gave a first clue to the 

probable cause of the effect. Figure 123 shows a schematic plot. Experiments on a 
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Figure 116. CdTe[001] NOW 90K 



Figure 117. GaP[001] 100kV 295K 



Figure 118. InAs[001] 100kV 90K 



Figure 119. HgTe[001) 100kV 90K 



Figure 120. InP[001] 100kV 295K 
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Figure 122a. GaAs thickness series 100kV, 295K. 



Figure 122b. GaP thickness series 100kV, 295K. 
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very low polarity sample, available in ternary alloys, perhaps by the exploitation of 

Debye-Waller factors and "critical temperature" experiments are planned to 

investigate the shape of the curve. It may even be possible to observe the reversal of 

polarity with increase of temperature. The vanishing of structure factors in 

experiments of that sort was discussed in §3.4. Figure 121, above, shows the variation 

in asymmetry at 90K with x in CdXHg1_XTe, minimising around x=0.4. §3.4 suggested 

around x=0.4 for equal branch 1 and 2 eigenvalues. 

In less polar materials, branch 1 (1s on the heavier string) and branch 2 Os on the 

lighter string) are close together in eigenvalue 03.3). Branch clustering occurs 

(§3.2.1) at low thicknesses and interbranch interactions persists to high thicknesses, 

"locked-in" by absorption. A detailed theoretical investigation was undertaken by 

Dick James, yielding a complete explanation for the observed behaviour (James & 

Spellward, paper in preparation). A major contribution by Dick was the use of TDS 

absorptive form factors (§ 1.3) instead of parameterised absorption. Calculated rocking 

curves using TDS agreed exceptionally well with those extracted from digitised 

experimental micrographs (figure 124) and allowed the reliable indexing of 

diffraction patterns. Parameterised absorption could also reproduce the experiment 

well if we knew the appropriate parameter, rather than guessing "5%", at least in a 

low polarity material where the absorptive form factors for the anion and cation are 

similar. 

The rule established from calculations, using dynamical programs, the internal sign 

changing of which had been established 06.2) is as follows: Materials in which the 

anion string is stronger have refections of type 4n+1 exhibiting stronger branch 2 or 

1/2 when clustered, than reflections of type 4n-1. Materials in which the anion string 

is weaker than the cation string have reflections of type 4n-1 exhibiting stronger 

branch 2, or 1/2 if clustered, than reflections of type 4n+1. 
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Figure 124. Experimental HOLZ rocking curves extracted from digitised pattern and 
calculated rocking curves using TDS absorption. 



Since it is thought that absorption "locks-in" the effect to large thicknesses, 

experiments on cooled samples were performed to see if thick cooled samples lost the 

asymmetry due to reduced absorption. The most likely compounds to do this would 

be high polarity material, since the overlap between branches 1&2 is small. llgTe 

showed clear asymmetry at 90K, but this material is much less polar than atomic 

number considerations alone would suggest 03.4). An experiment on GaP should be 

performed. 

The consistency of this method with the [110] method (§6.2) was proved. The two 

methods were applied to the same sample in the same experiment. Figure 125 shows 

(at different camera lengths) the two methods correctly aligned. 

6.4 Application of polarity determination to problems in material science 

There are chemical and elastic differences between the A and B surfaces of 

zincblende structure materials. On the whole, the A faces are less reactive than the B 

faces. For a review of the macroscopic effects of polarity, see Holt (1988). (111) 

surfaces may be of singly or triply bonded metal or non-metal atoms. The stable 

configuration is triply bonded surface atoms, hence the surfaces shown in figure 101. 

Growth rates on substrates of different character are known to vary considerably. 

When CdXHg1_XTe is grown on CdTe by MBE, a difference of about one order of 

magnitude is observed between the Hg condensation coefficient for {-1-1-1}B (Te 

terminated) and (111)A (Cd terminated) substrates (Sivananthan et al 1986). The 

defect structure in MOVPE growth of these materials depends on the polarity of the 

substrate (Hails et al 1988). Assessment of substrate orientation in [111) growth is 

therefore important. 
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An antiphase boundary (APB) is produced where two islands with different polarity 

growing on a non-polar substrate meet one another. Growth of zincblende structure 

materials on silicon or germanium has received particular interest. When there is a 

single step (a[100]/4) on a (100) substrate, an APB will form, even though growth 

begins everywhere with the same element. Considerable efforts have been made to 

induce step-doubling on Si substrates before growth of GaAs (Eaglesham et al 1987). 

In these studies, the polarity of regions of GaAs is determined by electron diffraction. 

Many studies of deformation-induced dislocation and planar defect generation have 

been undertaken. A dislocation's mobility depends on its type and, in many cases, the 

doping in the material. To understand the processes occurring, dislocations need to be 

identified as being of the glide or shuffle set and of A or B type. Unambiguous 

determination of polarity and Burgers vector are thus required. Polarity determination 

is; often neglected by some authors, who have to substitute questionable a priori 

assumptions (Androussi et al 1987, Preston 1989). Polarity may be determined from 

etching experiments which have been calibrated by TEM (De Cooman and Carter 

1987) or by a TEM study (Lu and Cockayne 1985). 

In (100) growth of zineblende structure semiconductors, the non-equivalence of the 

two in-plane <011> directions can lead to anisotropies in the distribution of the defect 

content of epitaxial layers. 

Bailey et al (1987) studied stacking fault pyramids propagating from the GaAs 

substrate surface in (100) growth of (AIGa)As. Each pyramid consisted of a pair of 

intrinsic and a pair of extrinsic faults and it was found that all pyramids were oriented 

identically, with intrinsic faults parallel. The polarity of the material was determined 

using the method of Taft© and Spence (1982), and the intrinsic faults were found to 

lie on Ga-terminated planes, while the extrinsic faults were on the As faces. 
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De Cooman and Carter (1987) noted that stacking fault tetrahedra in ion-implanted 

GaAs and (AlGa)As imaged along [110] "point" more often in the [001] growth 

direction than in the [00-1] direction. This conclusion required determination of the 

crystal polarity and raised questions about the motion of various dislocation types. 

Vincent et al (1987) discovered linear contrast parallel to a single <011> direction in 

dark field images from superlattice reflections from (100) (AIGa)As/GaAs multilayer 

samples. To help understand the contrast, the polarity of the sample should be 

determined. 

In the growth of II-VI materials on GaAs (100), the distribution of planar defects can 

be highly anisotropic. Microtwins in (100)CdTe on (100)GaAs were found to have 

their traces along a single <011> direction (Spellward et al 1987). In characterising 

ZnSe/ZnS layers, Brown et al (1988) noticed a similar phenomenon and also surface 

facetting and cracking in a preferred direction. To understand these observations, the 

polarity of TEM samples must be determined. The techniques used to deduce polarity 

of plan-view and cross-sectional samples and the nature of the planar defects are 

described in the next section. 
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6.5 Determination of the polarity of TEM samples of [1001 epilayers in cross 

section and plan view and assessment of the nature of twins in [100]CdTe on 

[100]GaAs 

There are four "advancing" 1111) planes in [100] growth. (111) and (1-1-1) are 

terminated by metal atoms (A-type) and (11-1) and (1-11) by non-metal (B-type). 

When viewed along [0-11], the A-type planes are edge on, while B-type planes are 

edge on when viewed along [0111; see figure 126. At a {110} zone axis, we can 

distinguish the two {200} directions by comparison of CBED and simulation. 

Conversely, if the (200) direction is known, we can deduce to which 1110) zone axis 

the sample is tilted. Note that {002} reflections are either of type A-B (e. g. (00-2) = 

(1-1-1)+(-11-1) at [110]) or type B-A (e. g. (020)=(-111)+(11-1) at [101]). Reflections 

may be A-B or B-A depending on the zone axis at which they are observed. In CBED, 

all A-B reflections look the same as do all B-A. 

In the case of a cross section of a <100> epilayer, if the basis is taken as 

conventionally and the growth direction is assigned as [100], comparison of the {110) 

zone axis CBED pattern taken at normal incidence with simulation will indicate 

whether the cross section has a ±(011) or a ±(0-11) surface normal, and hence the 

polarity. At [011], the (200) disc has the same features as the (-200) has at [01-1], i. e. 

the pattern is rotated through 180° between the two usual cross-section normals; see 

figure 127. Experimentally it is necessary to establish the correct orientation between 

the diffraction pattern and image (see below). It is dangerous to infer the polarity of 

an epilayer from that of the substrate in an experiment of this type since it is possible 

for epilayers to be rotated 90° with respect to substrates (Brown et al 1989). 

When a plan-view TEM sample of a <100> epilayer is under investigation, there are 

four <110> zone axes to which the sample may be tilted. Taking the basis 

conventionally and the growth direction as [100], to determine the [011] direction (i. e. 
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the polarity), the sample should be tilted to one of the accessible < 110> zone axes 

([110], [101], [1-10] or [10-1]). From the sense of tilt, the projection of the growth 

direction onto the {110} plane is known and can be related to the diffraction pattern 

once the correct orientation between the diffraction pattern and image is established 

(see below). A <110> zone axis CBED pattern is taken. he sample should then be 

tilted to a second (110) zone axis, rotating the sample 90' and a second CBED 

pattern is taken. Analysis of how the two patterns are mirror related will show 

whether the included in-sample <011> direction is ±[011] or t[0-11]; see figure 128. 

±[011] is included between {002] reflections of type B-A, while ±[0-11] is included 

between 1002) reflections of type A-B. 

In the analysis of planar defects lying on either the { 111 }A or [111)B growth planes, 

their nature can be determined once the polarity is known using the above technique 

(traces of defects on (111) and (1-1-1) are along [01-1] while traces of defects on 

(1-11) and (11-1) are along [011]) or directly from an experiment at one {110} zone 

axis. At each of the accessible <110> zone axes, two of the four growth planes are 

vertical, one of type A and one of type B. The polarity of a planar defect can be 

determined from consideration of the relative orientation of a defined crystal direction 

and the plane normal. Analysis shows (figure 129) that the normal to an A-type 

growth plane makes an acute angle with the <002> direction of type A-B, while the 

normal to a B-type plane makes an obtuse angle with it. (Alternative statement: The 

bond vector always makes an acute angle with the < 002> direction of type A-B). 

In order to relate unambiguously the orientation of the CBED pattern and the image in 

microscopes which are not rotation-free, the following procedure is used. A 

convergent probe is focussed on the sample and the CBED pattern taken. The 

objective lens is slightly overfocussed (current increased) and the second condenser 

lens slightly underfocussed to produce focussed images of the convergent probe and 

diffracted beams in the image plane. An objective aperture is inserted around a noted 
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{002} disc in the diffraction plane. A double exposure of the image plane with and 

then without the objective aperture highlights the direction of the noted g in the image 

plane. There is a slight rotation on overfocussing but the inversion of 180' which 

occurs on underfocussing has been eliminated and the presence of features lying 

along crystallographic directions allows correction to be made. The procedure is 

illustrated in figure 130. 

Application of this technique was made to epitaxial [100]CdTe on [100]GaAs, in 

which an anisotropic distribution of twins was observed, figure 29. Figure 131 shows 

a micrograph and correctly oriented CBED pattern taken at a< 110> zone axis. From 

simulation, the (002) disc of type A-B was identified. Edge on twins are visible in the 

micrograph and the projection of the growth direction is indicated. The conclusion 

was that the twins lie on type B (Te-terminated) planes. Similar analyses using this 

technique have been undertaken by S. Diamond (work on CdMnTe) and C. J. Keily 

(work on InSb). 

In the case of [111] epilayers in < 110> cross section, the polarity may be determined 

by noting that the 11111 reflection corresponding to the bond vector parallel or anti- 

parallel to the growth direction is adjacent to the {002} of type A-B in the <110> 

pattern; see figure 127b. 

In plan view [1111 epilayers, there are three accessible <110> zone axes. Tilting to a 

single such zone axis will determine the sample polarity with reference to figure 

128b. If the bond vector is parallel to the sample normal (A type direction), (002) of 

type A-B are on the inner side of the <110> pattern (the side slightly less far away in 

tilt from [111]), while if the bond vector is anti-parallel to the sample normal (B type 

direction), {002} of type B-A are on the inner side. 
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Conclusions. 

New analytical techniques applicable to II-VI and III-V semiconductors have been 

developed and evaluated. 

Critical voltage methods have been shown to be very useful for composition 

determination in CdXHg1_XTe and other heavy ternaries. In these materials, it has 

become possible to determine composition by the use of a (111] zone axis critical 

voltage measurement. Al Gal-XAs and other light weight ternaries are well served by 

the (-422) non-systematic critical voltage/orientation technique. In both cases, 

determination to a few percent or better has been shown to be possible, rivalling 

direct techniques such as EDX. The search for useful critical voltage techniques in 

medium weight ternaries should be pursued in the future. Spatial resolution in cross 

sectional samples should be improved by the use of orientations retaining vertical 

interfaces. These studies can be extended to a wider range of ternaries as samples 

become available. 

The precision of all the critical voltage methods studied can be improved by the 

application of computer-aided analysis of diffraction patterns and it is hoped this may 

be implemented in the future. Imaging and pseudo-imaging techniques have been 

shown to be of value in critical voltage studies. There is scope for further 

development in this area, particularly in CBIM from flat samples. 

HOLZ studies, using both deficiency and excess lines have been undertaken. The use 

of lattice parameter measurement by matching HOLZ deficiency lines with 

simulations did not have good composition resolution in the case of CdXHg1_XTe, but 

would be of more value in alloys exhibiting a larger variation in lattice parameter with 

composition. The physics of [0011 HOLZ diffraction was seen to be more complex 
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than first thought. With further work and calibration, the measurement of line 

separations may lead to the ability to determine composition to better than the current 

10% in AIXGai_XAs. Other alloys await investigation. Some aspects of weak bonding 

of heavy atoms in zincblende structures seem promising for composition 

determination, but experiments are yet to be performed. 

Two new polarity determination techniques have been established. In the case of 

[110] ZOLZ patterns, a number of standard patterns have been obtained and the 

technique is being applied in problem-solving situations in materials science, 

Experimental patterns should be obtained in the future for the other II-VI and Ill-V 

compounds not already calibrated. The [001] HOLZ technique requires further 

theoretical analysis for a complete understanding but appears to have great potential 

as an easily-performed polarity determination method. The collection of standard 

patterns, started in this work, should be completed. 

Microstructural studies of CdXHg1, XTe and CdTe epitaxial layers were undertaken, 

yielding some information on growth mechanisms. Work of this kind in future would 

benefit from closer liaison with the growers. 
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