
JOURNAL OF APPLIED PHYSICS VOLUME 84, NUMBER 8 15 OCTOBER 1998
Investigation of the evolution of single domain „111…B CdTe films
by molecular beam epitaxy on miscut „001…Si substrate
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A comprehensive view of the microstructure of~111!B CdTe films grown on miscut~001!Si
substrates by molecular beam epitaxy has been obtained by transmission electron microscopy and
scanning transmission electron microscopy. It is found that in the initial growth stage, CdTe
nucleates with a dominance of one particular domain: a domain with~111!B polarity and orientation
of @1122#CdTe//@1210#Si, although there are also some other domains of different polarity and
orientation. The dominance of one type domain is due to the reduction of the surface symmetry by
using the miscut substrate and by using optimum growth conditions. As the growth proceeds, a
single-crystal film is produced by the dominating domain overgrowing the minority domains
nucleated at the film–substrate interface. This results in the final film of single-crystal character
having~111!B polarity with @1122#CdTe along@1210#Si. © 1998 American Institute of Physics.
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I. INTRODUCTION

The direct band gap and capability for band-gap en
neering make Hg12xCdxTe ~MCT! an ideal material for a
wide range of applications, such as infrared detectors, la
array x-ray org-ray detectors, and other optoelectronic
However, its physical properties make it difficult to gro
high-quality material and fabricate devices. Although so
of these difficulties can be overcome by the use of CdTe
substrate for the epitaxial growth of MCT, applications a
limited by its brittleness and expense. Recently, progress
been made by using a thin CdTe layer deposited on Si a
alternative substrate. There are many advantages of CdT
as a substrate for the subsequent growth of MCT, i.e.
provides inexpensive large buffer areas and strong supp
and also the mature Si technology can facilitate monolit
integrated infrared focal plane array technology. Hence th
has been continuous interest in the growth of CdTe on
substrates.

Various growth methods, such as molecular beam e
taxy ~MBE!, metalorganic chemical vapor depositio
~MOCVD!,1,2 metalorganic vapor phase epitaxy~MOVPE!,3

and hot wall epitaxy4,5 have been used to grow CdTe film
on Si substrates. For all techniques, problems arise from
large lattice mismatch of 19.3% between CdTe and Si.
adopting a specific orientation relationship between the C
epilayer and the~001!Si substrate, i.e.,@111#CdTe//@001#Si,
@1210#CdTe//@110#Si, and@1122#CdTe//@1210#Si, the mis-
match can be reduced to 3.4% along the@1122#CdTe direc-
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tion. However, although the mismatch is reduced, the fo
fold symmetry of the~001!Si surface leads to multidomai
growth, i.e.,@1122#CdTe could align parallel to either of th
four ^110& directions on the~001!Si surface. It has been
shown that pretreatment of the substrate before growth
subsequent annealing, the use of an optimized VI/II ratio a
a two-step growth process are important to obtain sing
crystal films. In fact, by optimizing these growth paramete
and by using miscut~001!Si to reduce the symmetry o
~001!Si surface arrangement, single-crystal~111!CdTe films
are now routinely grown by MBE.6–11 The best quality films
attained so far have a double-crystal rocking curve full wid
at half maximum~DCRC FWHM! of 60 arcsec at a film
thickness of 17mm.

The focus of the present work is to investigate the
high-quality single domain CdTe films on the miscut~001!Si
substrates by utilizing transmission electron microsco
~TEM! and scanning transmission electron microsco
~STEM!. By studying both thin~;50 nm! and thick ~;5
mm! films, a comprehensive view of the evolution of the fil
after the initial nucleation stage is attained.

II. EXPERIMENT

In order to have a comprehensive view of the grow
evolution of~111!CdTe on a~001!Si substrate, two types o
samples are studied. The first has a CdTe layer thicknes
50 nm, thus allowing study of the initial growth stage, wh
the second type of sample, with a thickness of 4.8mm, al-
lows the final microstructure of the epitaxial film to be d
termined. The substrate used in both cases is a misorie
~001!Si wafer with tilt parametersu54°, f528°, whereu is
the angle between Si@001# and the substrate surface norma

,
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andf is the azimuthal angle with respect to@110#Si. All the
Si substrates were cleaned before growth which was car
out in a Riber Opus45 MBE system as described in ot
papers.11 The pretreatment of the substrate is identical for
films studied in this article, with an As or Te flux. Briefly
thin films were grown at 250 °C for 10 min with one cycle
annealing, while the thick films were grown at 250 °C for
min with subsequent growth at 310 °C for several hours
0.7 mm growth rate including seven annealing cycles.

Various TEM and STEM imaging techniques are us
for microscopic investigation including conventional diffra
tion contrast imaging techniques, such as bright field~BF!,
dark field ~DF!, weak beam DF, and convergent beam el
tron diffraction ~CBED!, and also the technique of high
resolution Z-contrast imaging. TEM/STEM samples we
made in cross section and plan view by conventional pro
dures. Conventional TEM work was performed on Phili
CM30 and CM20 microscopes, whileZ-contrast imaging
was done on a VG HB603 STEM operating at 300 kV w
a resolution of 0.13 nm.Z-contrast microscopy differs sig
nificantly from conventional high-resolution imaging in th
mechanism of image formation. By detecting electrons s
tered at high angles, an incoherent image is obtained
which individual atomic columns have a brightness prop
tional to their mean square atomic number~Z!. There are no
contrast reversals in an incoherent image so thatZ-contrast
imaging provides direct compositional information at t
atomic scale. When used in conjunction with conventio
TEM techniques, this correlated approach to materials c
acterization provides unparalleled insight into the mic
structure of the materials system.

III. RESULTS

A. Microstructure of the thin films

To comprehend the initial growth process of the thi
films, growth was halted after the initial stage and the mic
structure examined. Both the plan view BF TEM ima
down @111#CdTe/@001#Si @Fig. 1~a!# and the cross-sectiona
image down@1210#CdTe/@110#Si @Fig. 1~b!# show clearly
that the CdTe layer is comprised of many small grains, w
a lateral size ranging from;0.5 mm to less than 0.1mm.
From the selected area diffraction pattern~inserted!, it is seen
that these are 90° rotated domains around the@111# axis. In
order to determine the distribution of these domains,
weak beam DF images were taken of the plan view sam
shown in Figs. 2~a! and 2~b!. In Fig. 2~a! the image is formed
using the~2220!CdTe diffraction spot from one of the do
mains, which is parallel to~220! Si. Here, domains with
@1122#CdTe//@1210#Si have bright contrast. In Fig. 2~b!,
the ~2220!CdTe reflection parallel to~2220!Si is used to
image domains rotated by 90°. Comparing the two image
is clearly seen that one type of domain dominates, be
larger in size and interconnecting with other similar domai
The 90° rotated domains are smaller in size, isolated fr
each other, and surrounded by grains with the dominant
entation. From the arrangement of these domains the
morphology on the miscut~001!Si surface can be seen; th
two types of domains are alternately aligned along@110#Si.
Downloaded 04 Jun 2004 to 160.91.48.238. Redistribution subject to AIP
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A sphalerite semiconductor like CdTe has two types
~111! surfaces, those terminating with triple-bonded Cd
oms denoted as~111!A surfaces, and those terminating wit
triple-bonded Te atoms,~111!B surfaces. For the growth o
~111!CdTe on Si, CdTe domains could be grown with
~111!B polarity or ~111!A polarity depending on growth
conditions.12,13 Many methods have been used to determ
the polarity of CdTe crystals, e.g., x-ray scattering combin
with chemical etching, channeling, or electron diffraction.
the case of multidomain thin films studied here, because
the small size of the domains and the presence of signific
strain, among the possible TEM techniques suitable to st
individual grains, high-resolutionZ-contrast imaging is the
most effective and intuitive method to ascertain polarity.
Te atoms have a higher atomic number than Cd atoms
columns are imaged brighter than Cd columns, and the
larity of the domain is directly determined without the ne
for any image simulations.

Figure 3~a! shows aZ-contrast image of one small CdT
domain looking down the@1210#CdTe direction of a cross
sectional sample. At high magnification@Fig. 3~b!#, the indi-
vidual Te or Cd columns are clearly seen. By taking an
tensity profile across one row of columns@Fig. 3~c!#, it is
obvious that the intensity is higher for the columns on t
right. Relating this to the orientation of the Si substrate, it
therefore determined that this CdTe domain has B polar

FIG. 1. ~a! Plan-view bright field image down@111#CdTe/@001#Si of a thin
film showing there are many grains at the nucleation stage; The inse
@111# selected area diffraction pattern showing that there are 90° rot
domains.~b! Cross-sectional view of the thin film down@110#Si, showing
the side view of the grains above the CdTe/Si interface.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



on
on
h

ve
a

i
s

f

e
te
-

in
g
ag

i

ag
ll
u

rity

s

in
d.
nal

le
on-

h
F

s-

wn

4294 J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 Xin et al.
i.e., it is a domain with~111!B//~001!Si. Figure 4 shows
another small CdTe domain from the same cross-secti
sample. It is obvious here that Cd atoms with weaker c
trast are the terminating layer, and therefore this domain
A polarity, i.e., ~111!A CdTe//~001!Si. It is interesting to
note that in these thin films the majority of domains ha
~111!B polarity with a Te terminated layer, while only
small number of domains with opposite~111!A polarity are
found to exist at the initial growth stage.

The main defects seen in the individual CdTe domains
this initial growth stage are stacking faults and microtwin
Shown in Fig. 5 are high resolutionZ-contrast images o
CdTe domains looking down@1210#. Figure 5~a! shows a
CdTe lattice image of a~111! twin at high magnification.
From the intensity of the atomic columns, it is clearly se
that the polarity continues across the twin plane, as indica
by arrows. Figure 5~b! shows a CdTe domain with micro
twins grown on both~111!A and ~1121!B planes. It is well
known that due to the polarity of CdTe crystals, the~111!B
surface~Te terminated surface! has a different growth rate
from that of the~111!A surface~Cd-terminated surface!.14,15

This results in an anisotropic distribution of microtwins
CdTe crystals.16–18 However, it is seen here that twinnin
can occur on both polar planes in the early growth st
when the growth has not reached its equilibrium state. It w
be seen later that twinning occurs only on the~111!B plane
at later stages of growth in thick films.

In summary, the general feature of this nucleation st
in the film growth is that it is very defective. Many sma
grains of different types of domains are nucleated at the s

FIG. 2. Plan-view weak beam dark field images down@111#CdTe/@001#Si
showing the distribution of the 90° rotated domains;~a! g5~2220!CdTe//
~220!Si; ~b! g5~2220!CdTe//~2220!Si.
Downloaded 04 Jun 2004 to 160.91.48.238. Redistribution subject to AIP
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strate surface, but one orientation is dominant. The majo
of the grains have~111!B polarity, but small number of the
grains are~111!A orientated. The dominating domain ha
@1122#CdTe//@1210#Si with a ~111!B polarity.

B. Microstructure of the thick films

Having examined the microstructure of the multidoma
thin films, the single-crystal thick films are now discusse
Figure 6 shows BF and DF images of a cross-sectio
sample of the thick film looking down@1210#CdTe. Figure
6~a! is a BF image showing that the whole film is a sing
crystal, and there are densely populated lamellae twins c
fined to a region of 1.7mm above the CdTe/Si interface, wit
the dislocations threading up in the film. A weak beam D
image of the same region@Fig. 6~b!# is formed using one
~1121! diffraction spot and showing only the threading di

FIG. 3. ~a! High-resolutionZ-contrast image of a small~111!B domain
above the CdTe/Si interface of a cross-sectional thin film, looking do
@1210#CdTe/@110#Si; ~b! higher magnification of the CdTe layer of~a!
showing the individual Cd and Te atomic columns;~c! Profile of the boxed
region in ~b! showing higher intensity of the terminating columns.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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locations. By comparison with Fig. 6~a!, it is noticed that the
threading dislocations originate from the disordered dom
boundaries. The threading dislocations can be seen sta
from the two grain boundaries, as well as from the bou
aries at the overgrown small domains at the interface.
region just above the interface shows some contrast ind
ing the multidomain region, the same as the thin film me
tioned earlier. It is clearly seen here that one source
threading dislocations generated in the films is from the d
ordered grain boundaries.

We now present several observations that show ho
single domain film is obtained through this growth proce
Figure 7 is a STEM annular dark field image of a cro
sectional view of the thick film sample down@1210#CdTe.
In the low magnification image@Fig. 7~a!#, one small domain
is seen embedded in the film matrix. An enlargement of
boxed region of Fig. 7~a! is given in Fig. 7~b!, and clearly

FIG. 4. ~a! Lower magnification of a high-resolutionZ-contrast image of a
small ~111!A domain above the CdTe/Si interface of a cross-sectional
film looking down @1210#CdTe/@110#Si; ~b! higher magnification of the
CdTe layer of~a! showing the individual Cd and Te atomic columns;~c!
profile of the boxed region in~b! showing lower intensity of the terminating
columns.
Downloaded 04 Jun 2004 to 160.91.48.238. Redistribution subject to AIP
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shows that the 90° rotated small domain, with an orientat
of @1122#CdTe, has been overgrown by the@1210# matrix.
Figure 7~c! is another high-resolutionZ-contrast image
showing twinning on the~111! plane from one of the 180°
rotated domains that also results in the formation of a sin
domain from the two domains.

Due to the different properties of the two polar~111!
surfaces, it is very important to know the terminating surfa
of the thick film. This is crucial if the film is to be used as
buffer layer to grow MCT. There has been much work on t
determination of CdTe single crystal polarity since 196119

Only in the eighties did a consensus begin to emerge
~111!B CdTe was the most suitable for epitaxial growth
MCT. Because the polarity of the films studied here was
determined from direct experimental data previously,8,20 it is
necessary to re-address this problem and determine the
polarity absolutely. Here, three methods are used to de
mine the polarity of the thick films; high-resolutionZ-
contrast imaging, CBED, and chemical etching. Hig
resolutionZ-contrast imaging is the most direct method a
does not involve reference samples. Figure 8 is a hi
resolutionZ-contrast image taken from a region close to t
growth surface of a thick film looking down@1210#. ~The
image is arranged in the way indicated.! Although the image
is a little noisy due to contamination on the specimen s
face, it is obvious from the image that atomic columns a

n

FIG. 5. ~a! High-resolutionZ-contrast image down@1210# of a ~111! twin
in the CdTe layer, showing the polarity continuity across the twinning pla
~b! High-resolutionZ-contrast image down@1210# of another region of a
CdTe layer of a thin film, showing the microtwins on both~1121!B and
~111!A planes.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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brighter on the upper row of the CdTe double layer. This
comfirmed by the intensity profile. Therefore, clearly the p
larity is ~111!B. We note that the polarity of the thick film
was determined from bulk regions of the film, well awa
from the CdTe/Si interface area which contains both~111!B
and ~111!A domains.

CBED is also used to confirm theZ-contrast result, al-
though in this case a reference sample must be used. T
has been much confusion over the years concerning the
larity determined by electron diffraction, perhaps because
the rotation of the image relative to the diffraction patte
introduced by electron microscope or the 180° ambigu
during computer simulation. This is overcome here by us
a reference sample@a ~111!B GaAs#,21 whose polarity is
known absolutely. There are several different ways of us
CBED or microdiffraction to determine the polarity.22–24

Here a@1210#CdTe zone axis CBED pattern is taken from
perfect region close to the growth surface of the film, sho
in Fig. 9~a!. Comparing with the simulations@Fig. 9~b!# us-

FIG. 6. ~a! TEM bright field image of a cross-sectional view of a thick film
down @1210#CdTe/@110#Si showing the lamellae twins confined to the r
gion above the CdTe/Si interface.~b! Weak beam dark field image of th
same region as~a! showing only the threading dislocations,g5~1121!.
Downloaded 04 Jun 2004 to 160.91.48.238. Redistribution subject to AIP
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ing EMS software,25 $111%B and $111%A disks are distin-
guished and assigned. It is worth mentioning that Deby
Waller factors are very important in the CdTe CBE
simulations and they must be included in the calculations
get comparable results to the experimental data. By com
ing to the reference sample to get the right image rotation
is confirmed that the thick film has a~111!B polarity. Chemi-
cal etching using 1:1:1 HF:HNO3:acetic acid~or lactic acid!
turns the~111!A polar surface matt black, while leaving th
~111!B surface shiny.23,26 Our etching results also confirm

FIG. 7. ~a! Low magnification annular dark field STEM image lookin
down @1210#CdTe/@110#Si, showing an overgrown small grain in a thic
film. ~b! Enlargement of the boxed region in~a! showing the small 90°
rotated domain down@1122# with the main matrix down@1210#. ~c! An-
other high-resolutionZ-contrast image of the CdTe layer down@1210#
showing the merging of 180° rotated domain by twinning.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 8. High-resolutionZ-contrast image down@1210#CdTe taken from a
region close to the growth surface of the thick film. The individual Cd a
Te atomic columns are clearly shown, indicating a Te-terminated film.~b!
Profile of the boxed region in~a!.

FIG. 9. ~a! @1210# convergent beam diffraction pattern taken from t
region close to the growth surface of the thick film.$111%B and $111%A
diffraction discs are indicated as B and A, respectively.~b! Simulations of
the experimental CBED pattern in~a! with different film thickness.
Downloaded 04 Jun 2004 to 160.91.48.238. Redistribution subject to AIP
that the polarity of the thick film is~111!B CdTe. The results
from all three different techniques are consistent, and de
onstrate that the polarity of the final CdTe thick film grow
on the ~001!Si substrate is~111!B, confirming previous
results.8,20

IV. DISCUSSION OF THE GROWTH MECHANISM

The comprehensive view of the microstructure of t
films described above allows us to significantly extend ex
ing models for the growth of CdTe on Si.8,9,10,27,28In the
initial stage of film growth, Te atoms are deposited first a
either bond to or substitute Si surface atoms.8,27,29,30 The
polarity of each domain is determined by the bonding of
first Te layer in the film. If there is one active bond to for
with Cd, then the polarity will be~111!B and if there are
three active bonds, the domain will have~111!A polarity ~as
shown in Fig. 10!. Our present observations show that in fa
the majority domains nucleated with a~111!B polarity, with
few having the opposite~111!A polarity in this initial phase
of film growth. The pretreatment of the substrate surfa
using a Te flux before growth and the annealing at the ini
stage may enhance the possibility for Te atoms to have
active bond, which gives rise to the preferential growth
domains with~111!B polarity. Work is currently underway
to investigate the interface between~111!B domain and Si
substrate by high-resolutionZ-contrast imaging. However, in
this article we will concentrate the discussion on the evo
tion of the final film morphology after the nucleation stag

On a nominal~001!Si substrate surface, which has fou
fold symmetry due to the pairedSB andSA terraces, there are
eight possible orientations for a CdTe domain, four rotatio
variants, each with two polarities, as shown in Fig. 11. Th
are ~111!A or ~111!B domains, 180° rotated domains wit
@1122#CdTe aligned with either@110#Si or @21210#Si, or
90° rotated domains with@1122#CdTe along either@110#Si
or @1210#Si With no optimized growth conditions, thes
variants would result in multidomain films. However, by u
ing optimized growth conditions, the pretreatment of the s
strate surface using a Te flux and a miscut Si substrate,

FIG. 10. Sketches showing the formation of domains with different pola
ties at the interface.~a! ~111! B domain is formed when the first Te layer ha
one upward bond to form with Cd atoms;~b! ~111!A domain is formed
when the first Te layer has three upward bonds to form with Cd atoms
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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symmetry is broken and it is very reasonable that one typ
domain will dominate, as we have found. The~111!B type
domains with orientation of@1122#CdTe//@1210#Si are
found to be larger in size, and connected with each ot
The formation of this dominating domain could occur in t
following way.

When the Si substrate is miscut, tilting by~u, f! away
from @001#, the symmetries along the@1210# and @2110#
directions are broken, with widerSB terraces and narrowe
SA terraces along@110#, and kinks also run along@1210# of
the step edges in a preferential direction.9,10,28In such situa-
tions, it is clearly likely that the formation of CdTe nuclei o
different types will have different probabilities, as shown
Fig. 12. The kinks at the step edges may guide the C
nuclei into a preferred orientation out of the two 180° ro
tions. The widerSB terraces combined with low mismatc
along the step edge on these terraces may enhance
growth and spread of the domains@1122#CdTe//@1210#Si

FIG. 11. Sketch showing a top view of a nominal~001!Si with eight types
of domains. The different shaded area denote different polarities,
~111!A and ~111!B.

FIG. 12. Diagram schematically showing a top view of the nucleation
different domains on a miscut~001!Si substrate. The grains of the domina
ing domain are denoted with larger size. The arrows represent the dire
of @1122#CdTe. The shaded area indicates minority grains with~111!A
polarity.
Downloaded 04 Jun 2004 to 160.91.48.238. Redistribution subject to AIP
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over the 90° rotated domains on theSA terraces. This break
ing of the initial surface symmetry is an important element
the growth process, because it allows the possibility of o
domain dominating over the other minority domains. In t
sample observed here, the dominating domain has~111!B
polarity with an orientation of@11-2#CdTe along@1210#Si
on the widerSB terraces.

As growth proceeds, the CdTe islands coalesce thro
the reactions we have presented above, which are dep
schematically in Fig. 13. Due to the dominating doma
prevailing on the substrate and energetically favorable, t
tend to grow faster not only laterally, but also vertically, a
finally overgrow the minority 90° rotated domains@Fig.
13~a!#. For the 180° rotated domains, twinning on the~111!
plane in one grain would then lead to a single domain@Fig.
13~b!#. The faster growth of~111!B domains could easily
overgrow the~111!A polarity domains due to growth kinet
ics alone@Fig. 13~c!#. Through these reactions, the final film
has its single-crystal character. The final film orientation
obtained as a result of competing growth kinetics.

V. CONCLUSIONS

In summary, a comprehensive picture of the growth a
microstructure of~111!B CdTe films grown on~001!Si sub-
strate has been developed by a combination of several T
techniques and high-resolutionZ-contrast imaging on a
STEM. Experimental data shows that the initial stage
growth, the CdTe nucleates with different types of domai
although the dominant domain is~111!B polarity with @11
22#CdTe parallel to@1210#Si. Planar defects, such as m
crotwins and stacking faults grow on both~111!B and

.,

f

on

FIG. 13. Sketches of a cross-sectional view of the thick film showing
overgrown mechanisms.~a! The dominating domain overgrows the small
90° rotated domain;~b! merging into one domain by twinning;~c! ~111!B
domain overgrows~111!A due to growth kinetics.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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4299J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 Xin et al.
~111!A planes during the nucleation stage. The final polar
of the thick film is ~111!B as determined by CBED, high
resolutionZ-contrast imaging, and chemical etching. Brea
ing the substrate symmetry through a specific miscut
only creates a large number of steps to assist in the nu
ation of CdTe islands, but also induces one domain orie
tion to dominate. As growth proceeds, a single-crystal fi
forms as the dominating domain overgrows the minority d
mains. This is the fast growing~111!B domain with @11
22#CdTe parallel to @1210#Si, which through various
growth processes overgrows the other orientations to re
in the single-crystal film.
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