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Analysis of the Layer Sequence for Crystals with Stacking Faults by the Method
of Structural Models: Comparison with the Direct Method of Farkas-Jahnke*
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Institute of Physics, Warsaw Technical University, 00-662 Warszawa, ul. Koszykowa 75, Poland

(Received 2 July 1976; accepted 3 September 1976)

A development of a method of analysis based on models for crystals with complex polytypic structure
is presented. The method is applicable to the analysis of structures consisting of the polytypes 2H, 4H
6H and 10H and of fragments of a DS structure appearing in ZnS and ZnS solid solutions. A discussion
of the direct method of Farkas-Jahnke for characterizing structures with stacking faults is presented
and it is shown that interpretation of the real sequence by the direct method is ambiguous. The mechanism
of formation of the crystals investigated is discussed from the point of view of the results obtained.

Introduction

In the previous paper (Patosz & Przedmojski, 19764)
the possibility of applying methods of analysis to crys-
tals with stacking faults (Wilson, 1942; Jagodzinski,
1949; Kakinoki & Komura, 1965; Kakinoki, 1967)
was discussed. Differences between theoretical and ex-
perimental curves of intensity distribution were found.
To explain the appearance of maxima on experimental
curves which are not reflexions connected with poly-
types a newly defined DS structure was proposed
(Patosz & Przedmojski, 1976b). On the basis of this
DS structure a composition of complex structures with
stacking faults from simple polytype cells (2H, 4H, 6H
and 10H) and of DS fragments was proposed. The
purpose of this paper is a complete presentation of the
method of structural models applied to the analysis of
structures with stacking faults appearing in ZnS and
ZnS solid solutions.

From structural models of complex structures, cal-
culations of theoretical curves of intensity distribu-
tion were performed. With their help a few hundred
ZnS and ZnS solid-solution crystals were analysed.
It was found that: (1) theoretical intensity curves are
applicable to structural analysis; (2) on the basis of
the proposed description of structures with stacking
faults, reproducible and unique determinations of the
stacking sequence of crystals are obtained.

A comparison of the direct method for characterizing
structures with stacking faults (Farkas-Jahnke, 1973a,
b) with the proposed method of structural models will
be discussed. It will be shown that while the results
obtained in the Farkas-Jahnke method do not give
a unique stacking sequence in the crystals, the pro-
posed description using a DS structure yields the cor-
rect answer. A short description of our experimental
results will be presented and the possibility of their
interpretation based on existing theories of polytype
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crystal growth mechanisms will be discussed. In these
discussions the possibility of appearance of a mecha-
nism of incidental formation of polytype cells will be
pointed out.

A short description of the Farkas-Jahnke
direct method

The procedure of structure determination by the di-
rect method is given by Dornberger-Schiff & Farkas-
Jahnke (1970), Farkas-Jahnke & Dornberger-Schiff
(1970), Dornberger-Schiff, Schmittler & Farkas-
Jahnke (1971), and Farkas-Jahnke (1973a,b). In this
method polytypic structures are regarded as built up
of structure elements consisting of (p+ 1) layers. The
(p+1) layer sequence is denoted in a binary system as
a set of p digits: the digit O corresponds to — and the
digit 1 to + in Higg’s notation. For periodic struc-
tures (polytypes), structural analysis is based on deter-
mining the rates of occurrence [y], of binary sequences
of length p (y,) in the structure, from which it is then
possible to reproduce the full layer sequence of the
polytype. A mathematical analysis is carried out on
the basis of intensity measurements of a characteristic
row of reflexions, e.g. 10. L. In structures with stacking
faults, i.e. the lack of any periodicity along ¢, the
broadened curve obtained by photometering of 10.L
row of reflexions is treated as the result of the over-
lapping of reflexions of a hypothetical N-layer lattice.
The intensities obtained from the curve for consecu-
tive values of L/N (for L from 0 to N) are accepted
as the intensities of reflexions from a structure with
N layers in a period. The determination of the struc-
ture consists of finding its set of [y], values where

[v],=[1a/N.

Construction of structural models

The intensity curves which form the foundation for
structural analysis were obtained from structural
models built up from 200+ 5 layers. These models con-
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sist of simple polytype cells and of DS fragments,
where the DS structure was defined as the sequence
of Zhdanov symbols . . .n;n,n;. .. showing no period-
icity. The structure of each model is described by three
independent parameters: (i) The percentage of layers
arranged in simple polytype cells (25%2H, 459, 10H,
etc.). (ii) %h DS, i.e. the percentage of hexagonal layers
appearing in fragments of the DS structure. (iii) The
size of monopolytype fragments, i.e. the average num-
ber of polytype cells occurring one after another in
the structure.

From the above it is possible to find two additional
parameters: (iv) The percentage of DS structure in the
whole model. (v) %h (hexagonality), the percentage of
hexagonal layers in the whole model.

The additional quantity which can be calculated
from photometric curves is (vi) the parameter deter-
mining the ratio of the number of layers in the positive
(N ) and negative (N -) sequences.
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Fig. 1. Diagram of theoretical curves of intensity distribution along
a row of 10.L reflexions for the structure 6H(50% layers)+
DS(35%h) obtained for models with 6H fragment sizes from 17
cells to 1 cell.
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With the help of the above parameters it is possible
to reproduce an equivalent structure.

The real layer sequence of crystals can be presented
in the form of fragments of a DS structure (with a de-
fined %h DS) occurring next to fragments composed
of simple polytype cells. For example, fragments of a
DS structure in Zhdanov’s notation can be represented
as:

DS 20%h ...4543656454657647546537654. ..
DS 30%h ...4325424353432354324534243. ..
DS 50%h ...2131214121312412313213132...

Polytype cells are denoted: 2H, (11); 4H, (22); 6H, (33)
and 10H, (55).

An example of a complex structure model of the
4H + DS type is

..24(22),1232(22),34312223214(22),
123(22,412(222),...

The above model consisting of 110 layers is described
by the following parameters:

(1) 55%4H [(15 cells x 4 layers)/110] x 100%;

(i) DS 42%h [(21 different blocks in a + and —
sequence)/(50 layers in the DS structure)] x 100%;

(iii) 25 4H cell {[(2+3+1+3+4+2) cells]/6 frag-
ments} =2-5;

(iv) 45%DS (100%, — 55%4H)=459%, of layers in the
DS structure;

(v) 46%h {[(21 hlayers in DS)+(30 h layers in 4H)}/
110} x 100%,.

The description given above with three independent
parameters ensures reproduction of the real stacking
sequence in the structure.

Equivalent structural models for the same set
of parameters

Intensity curves obtained for models of the 6 H(50%
of the layers)+ DS(33-:3%h) structure are shown in
Fig. 1. Curves for models with identical 6H cell frag-
ments lie in horizontal rows. The models differ in the
arrangement of the fragments of DS and of 6H cells
in the structure. For example, we consider three equiv-
alent models: (1) ...3312(33);342133,53...,
(2)..34(33);12132(33),533...,(3)...451(3 3),
312(33),23(33),... Fig. 1 presents theoretical curves
obtained for structures with monopolytype fragments
of different sizes ranging from 17 cells occurring in
one fragment of the structure to single 6H cells mixed
into the DS structure.

From Fig. 1 it is possible to determine the degree
of reproducibility of theoretical intensity curves for
various equivalent models. Curves obtained for dif-
ferent models with the same parameters are not iden-
tical, but the basic shapes are preserved: (1) the posi-
tions of the main maxima (broadened reflexions of
polytype 6H) and specific maxima (resulting from the
DS structure), (2) width of the broadened maxima,



174

(3) the characteristic minima. The ratios of intensity
maxima are usually constant, but deviations do occur
(e.g. curve B). The diagrams presented in Fig. 1 demon-
strate the high sensitivity of the method to slight dif-
ferences in the stacking sequence. The dependence of
the shape of the curve on the size of the monopolytype
fragments allows for precise structural determination.
It may be deduced from Fig. 1 that the interference
pattern obtained for complex structures is not the
result of a simple addition of the interference patterns
of the elements of the model (here 6H and DS of
35%h). The simultaneous appearance of characteristic
DS maxima and polytype reflexions can be observed
in the presence of large monopolytype fragments
(curve 4 and B); however the occurrence of single-
polytype cells in the structure leads to a characteristic
arrangement of maxima belonging neither to 6H nor
to DS.

Thus, on the basis of an experimental intensity
curve it is possible to estimate the sizes of monopoly-
type fragments in crystals, but the details of the stacking
sequence can be determined only through a direct com-
parison of that experimental curve with a set of theoret-
ical curves.

Structure of the crystals investigated

It was found that the following types of structures
occurred in the crystals investigated: 2H +4H, 2H +
6H,4H+6H,2H+4H+6H,2H + DS, 4H + DS, 6H +
DS, 10H+DS, 2H+4H+ DS, 4H+6H—DS, 2H +
4H+6H+ DS, 6H +10H + DS and DS.

The types of the analysed structural models were
determined on the basis of the results of initial struc-
tural analysis. The appearance of broadened polytype
reflexions on the experimental intensity curves sug-
gested the presence of only 2H, 3C, 4H, 6H and 10H
polytypes. Since the accuracy of determination of the
number of layers in the polytype structures can be
estimated to be about 5% it is not possible to exclude
the presence of other simple polytypes up to a content
of about 109, especially when present in very small
fragments. Cells of several polytypes often occurred
in one crystal simultaneously, forming one of the above
mentioned types of structure.

The theoretical curves obtained for different types
of structures are arranged in diagrams. Fig. 2(a) rep-
resents a fragment of the diagram of theoretical
curves obtained for the (2H + DS) type structure. The
number in the top left-hand corner of each curve
describes the average number of 2H cells occurring
one after another in the model. Fig. 2(b) and (c) pre-
sents the theoretical curves for structures with dif-
ferent average 2H fragment size (for the same %2H
in the model). Fig. 3 presents photometric curves ob-
tained for three different crystals, whose structural de-
termination was accomplished from the theoretical
curves in Fig. 2.

The structures of crystals (a), (b) and (c) are com-

LAYER SEQUENCE ANALYSIS BY THE METHOD OF STRUCTURAL MODELS

oS

2H

)
JEENINN

[
Al |

40 U f i
NE4N
o e rE R T
(@)
2H(20%)+ DS(50%H)

5 67
: Lo
N M F
AN /1
10 133 I
: l
N/ ‘
! :

(b) (0

Fig. 2. (a) Diagram of theoretical curves of intensity distribution
along a row of 10.L reflexions obtained for the structure type
2H(15-40%, of layers)+ DS(40-50%h). (b) Theoretical curves of
the structure 2H(20% of layers) + DS(50%h) with fragments 1, 5
and 10 2H cells. (c) Theoretical curves of the structure 2H(40%
of layers)+ DS(50%h) with fragments of 2, 6:7 and 13-3 2H cells.
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Fig. 3. Photometric curves of a row of 10.L reflexions for crystals
with 2H + DS structure.

parable, apart from large differences in intensity dis-
tributions. The above structures differ in the sizes of
2H fragments. We shall describe the experimental
curves in Fig. 3.

Curve (a)

Distinct maxima for L/m of about 0-05, 0-15-0-20,
0-40-0-45 and 0-50-0-55 characteristic for a 2H +
DS (50%h) structure are observed. In spite of the lack
of reflexions 2H(L/m 0-00 and 0-50) this structure can
be described as 2H (about 20% of layers)+ DS(40-
50%,h) with fragments of about two 2H cells.

Curve (b)

Broadened DS maxima are observed on the curve
in positions similar to curve (g), but there are also
2H reflexions, so that one can expect larger fragments
of 2H cells. This structure may be described as
2H(20-25% of layers)+ DS(about 509%h) with frag-
ments of about five 2H cells.

Curve (c)

It is possible to discern characteristic DS maxima
and narrow 2H reflexions on the curve. By comparison
of curve 3(c) with curves 2(b) and 2(c) this structure
can be described as 2H (about 309 of layers)+ DS
(50%h) with fragments of about 10-15 2H cells.

Among the theoretical curves presented in Fig. 2
none can be considered identical with the experi-
mental curves shown in Fig. 3. The structural models
include only part of the possible layer sequences. For
this reason a given experimental curve does not al-
ways correspond to a single theoretical curve. The set
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of theoretical curves enables one to give limits within
which the real stacking sequence of a crystal may be
placed.

On the basis of theoretical curves for the 6H+ DS
structure (Fig. 1) it is possible to determine the struc-
ture of crystals for which photometric curves were
shown in Fig. 5(b) in the previous paper (Palosz &
Przedmojski, 1976b). The structures of both crystals
can be described as 6 H(50%)+ DS(35%h); however the
structure with fragments of about 1-5 cells corre-
sponds to the first curve, whereas the structure with
2-cell fragments corresponds to the second. Both
curves agree well with the theoretical curves.

The theoretical curves for the above mentioned
structure types allowed us to carry out a full analysis
of the structures occurring in ZnS and ZnS solid solu-
tions. A discussion of the structure of crystals in rela-
tion to their chemical composition for ZnS.CdS and
ZnS.ZnSe crystals was presented by Kozielski (1975)

Table 1. Values of [y]4 for two models

Model I of 202 layer structure
4H (396%)+6H (594%)+ DS (43-96%h), 2. =0-5
Stacking sequence
132314123323122313232314232312
132313232323131313231313233141
3233231223132323132323131324
Model II of 192 layer structure
6H (25%)+ DS (29-17%h), a #0-5
Stacking sequence

262533343523332432432335352633
432333243435(33);26235334323

[7]4 calculated from [7]4 obtained by

Sequence the model Farkas-Jahnke
Model I

0000 3 2-88
0001 38 3749
0010 19 1877
0011 23 21-23
0100 19 18-77
0101 - 1-68
0110 20 16:92
0111 5 654
1000 38 3749
1001 4 2-51
1010 - 1-68
1011 2 2:22
1100 23 2123
1101 2 222
1110 5 654
1111 1 3-83
Model IT

0000 1111 15 163
0001 1110 23 2258
0010 1101 - 013
0011 1100 29 285
0100 1011 - 013
0101 1010 - 0-13
0110 1001 6 5-85
0111 1000 23 22:58
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(the concept of a DS structure was not used in that
paper).

A comparison of the Farkas-Jahnke direct method
for characterizing structures with stacking faults
with the method of structural models

The theoretical curves obtained on the basis of struc-
tural models were tested by Farkas-Jahnke (1975).
The comparison of the methods consists of finding the
values [y];.3.4 by the direct method based on the
analysis of the intensity curve obtained for the struc-
tural model, and comparing them with the values found
directly from the known stacking of the layers of the
model. Such a comparison was made for several
models. In Table 1 the values of [y], calculated for
two models are shown.

LAYER SEQUENCE ANALYSIS BY THE METHOD OF STRUCTURAL MODELS

crystal which can be obtained from the calculated
numbers of structure elements consisting of five layers
in the structure.

Mechanism of structure formation

The analysis of the structure of ZnS and ZnS solid
solutions suggests a mechanism of structure forma-
tion. ZnS and ZnS solid solutions obtained by the
Bridgman method (Kozielski, 1975) and ZnS crystals
obtained by chemical transport (Palosz, 1975) were
analysed. In both cases the existence of structures of
a similar type was determined. It is characteristic that
the appearance of different simple polytype cells was
usually connected with the occurrence of DS with a
hexagonality close to the percentage of h layers in the
polytype cells as follows:

DS 2H+DS 50%
DS L 4H + DS 35%
ps  occurring in the structure type 6H + DS had about 309, h layers .
DS 6H + 10H + DS 209,

The parameters found by the Farkas-Jahnke method
agree well with those obtained from the model which
indicates the correct calculation of [y], values in the
direct method. However, the determination of the
layer sequence in the structure by use of [y], is not
unique. For example the layer sequences of the struc-
ture obtained from the set of [y], values for model 11
are

(1) 642327336332424234324323343354
(2) 75245245233432343334(33),362

(3) 92(33)628337332263322

(@) 722(44),22(33),552(33),2335

(5) 52(22),(55);(33)5233553.

Applying the parameters describing the structural
models built on the basis of DS for the above struc-
tures we obtain the values in Table 2.

Table 2. The values of parameters of models 1-5
The sizes of the monopolytype fragments are given in parentheses.

Structure %2H °%4H %6H %8H %10H 9%DS %h DS %h
1 - - 25 - - 75 27-8 292
(1)
2 - - 25 - - 75 27-8 29-2
(1-33)
3 - 83 572 - - 354 176 29-2
(1 (3-5)
4 - 83 21.2 333 104 167 25 29-2
(1) @ @ o
5 - 83 375 - 416 12:5 333 29-2
2 3) (2)
Initial
model - - 25 - - 75 29-2 302

(1-14)

This comparison shows that there are many pos-
sibile interpretations of the stacking sequence in a

It seems that the formation of cells of particular simple
polytypes proceeds to a large degree in an incidental
manner as the result of the two 1, 2, 3 or 5-layer blocks
of the same size appearing one after another. For in-
stance, since the largest percentage of 3-layer blocks
occurs in structures with hexagonality of about 30%h
(the average size of the layer blocks is about 3) a
maximum of the occurrence of 6H cells in the structure
should be observed in this range. This conclusion is
in agreement with observations. Similar agreement is
found for the occurrence of 10H cells (DS about
20%h) as well as 4H cells (DS about 35-40%h). In
structures with a hexagonality above 50%h the in-
crease of the number of 1-layer blocks is connected
with the occurrence of 2H cells. The observed sizes of
monopolytype fragments, usually from 1 to 3 cells,
also point to the incidental character of formation of
polytype cells.

The observed relation between the hexagonality of
the structure and the hexagonality of polytypes which
appear explains why structures in which 2H and 10H
cells as well as 10H cells with DS 50%h etc. (that is
structures with various degrees of hexagonality) do
not occur simultaneously. .

The mechanism of polytype formation in Zn$ crys-
tals has been the subject of many papers (Verma &
Krishna, 1966; Daniels, 1966; Mardix, Kalman &
Steinberger, 1968; Alexander, Kalman, Mardix &
Steinberger, 1970; Rai, 1971, 1972) in which the forma-
tion of multilayer polytypes in the process of crystal
growth from the vapour phase was mainly discussed.
The ZnS crystals usually investigated were synthesized
from the vapour phase at about 1200°C, i.e. above
the temperature of the 3C — 2H phase transforma-
tion (about 1025°C). At this temperature the 2H phase
is supposed to be more stable. The mentioned theo-
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ries are based on the assumption that at the tempera-
ture of crystallization the stable phase is the 2H struc-
ture, which, as a result of transformation, gives more
complex polytype structures, in particular multi-
layer polytypes. The important part of some theories
is the assumption of the occurrence of an axial screw
dislocation (Frank, 1951; Mitchell, 1957) causing the
repetition of structure fragments and the formation of
multilayer polytypes. The fact that in the crystals in-
vestigated we observed the domination neither of 2H
structure nor of multilayer polytypes both in the pure
ZnS crystals (Palosz & Przedmojski, 1975) and in ZnS
solid solutions suggests a different mechanism of crys-
tal growth than that which occurs in crystallization
from the vapour phase.

It may be that, with the Bridgman method, the for-
mation of a 3C structure is more probable. At the
same time, the final crystal structure may form during
the growth or during cooling from the growth tem-
perature to room temperature. Ebina & Takahashi
(1967) investigated ZnS crystals obtained by the Bridg-
man method for different cooling rates of 67, 10, and
5°C min~'. They found that the cooling rate does
not influence the crystal structure. Therefore it is pos-
sible that the final structure of the crystals is formed
during their growth. As the final structure is the cubic
phase, the conditions of growth have to favour the
formation of the 3C structure.

The analysis of the structure of pure ZnS crystals
(Palosz & Przedmojski, 1975) showed that the growth
of a 3C structure is disturbed on average at every 15
layers, i.e. every 15th layer is a hexagonal layer (about
7% hexagonal layers in the structure). In pure ZnS the
occurrence of hexagonal layers may be influenced by
growth conditions such as temperature inhomogeneity,
mechanical stresses (pressure about 100 atm), presence
of trace impurities etc. In solid solution the occurrence
of hexagonal layers is connected with the presence of
foreign atoms in the ZnS lattice. The appearance of a
hexagonal layer causes the change of the growing se-
quence +(—) to —(+) leading to the formation of
a structure according to the model ...(m, . c)h(m, . c)h
(ms . c)h... etc. corresponding to the proposed DS struc-
ture. Such a mechanism may be presented as follows:

{
...ABCABCA
| BACBAC
| BCABCABC

...ABCABCBACBABCABCABACBACBACBA

, |
, { ACBACBACBAC
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Appearance of non-periodical stresses during the
growth (marked by arrows in the proposed model of
growth) on the surface of the crystal causes the growth
of the DS structure. As a result of the appearance of
identical 1, 2, 3 and S-layer blocks one after another
the 2H, 4H, 6H and 10H cells are formed.

I thank Dr J. Przedmojski for valuable discussions
and help with the work. I also thank Dr M. Kozielski
for the crystals and Dr M. Farkas-Jahnke for making
available results of unpublished calculations which
were used in our comparison of both methods.
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