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State-of-the-art Hg;_,Cd,Te multilayer structures grown by molecular beam
epitaxy on (211)-oriented Cd;_,Zn,Te substrates have been characterized and
their strain and relaxation analyzed. Techniques for measuring lattice mis-
match, strain, and crystal quality by measuring symmetric and asymmetric
diffraction profiles in different azimuths were adapted and performed in
combination with dislocation delineation for full-wafer and multilayer char-
acterization. It was found that the degree of lattice mismatch and in turn the
strain state of epitaxial multilayers can be made uniform across full wafers in
optimized structures. A strong correlation was revealed between the Zn
composition of the Cd;_,Zn,Te substrates and the crystal quality of the active
layers in the multilayer structures. This method can be generalized to opti-
mize multilayer structures to minimize relaxation by the generation of ex-

tended defects.
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INTRODUCTION

In recent years, Teledyne has positioned itself to
push the boundaries of two aspects of infrared
detector technology: high-performance large-area
detectors' and fully depleted p-v-n planar hetero-
junction detectors having dark currents limited by
background radiation rather than Auger-1 recombi-
nation.? Achieving these technological milestones
will have a significant impact on civil, space, and
defense applications, and thus far, advances have
been enabled by improvements in Hg;_ ,Cd,Te
infrared materials grown by molecular beam epi-
taxy (MBE) and detector fabrication.

As Hg,_,Cd,Te detectors approach background-
radiation-limited performance and detector arrays
increase in size, the required detector material areal
uniformity that results in desired detector operabil-
ity becomes more challenging to achieve. Detector
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material inhomogeneity may arise from the sub-
strate on which thin films are grown, from the MBE
growth process, and from the fabrication processes
that produce focal-plane arrays. Consequences of
inhomogeneity in the detector material include
variations in strain and relaxation by the formation
of extended defects, namely dislocations, in the
epitaxial multilayers.

There is ample experimental evidence that dislo-
cations diminish the performance of HgCdTe detec-
tors.>® Dislocations may reduce minority-carrier
lifetime by acting as Shockley—Read—Hall recombi-
nation centers, and when in or near the junction
region, may enable tunneling currents. It is inter-
esting to note the sensitivity of the =zero-bias
impedance (RoA product) to the dislocation density;’
it is plausible that fully depleted detectors in which
the relative portion of the device volume having an
increased screening length is larger will have
greater sensitivity to charged dislocations at low
temperatures. Large-area and fully depleted detec-
tor performance will benefit from minimizing the
formation of extended defects.
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There are numerous sources of dislocation gener-
ation during the epitaxy of and subsequent photo-
diode detector fabrication on Hg;_,Cd,Te grown on
Cd;_,Zn,Te substrates.* ! The principal mecha-
nism of dislocation formation relevant to this work
is that due to the lattice mismatch between HgTe,
CdTe, ZnTe, and their alloys. State-of-the-art
Hg,_.Cd,Te photodetectors are grown by MBE on
nearly lattice-matched Cd;_,Zn,Te substrates to
minimize the formation of extended defects. A single
epitaxial film of Hg;_,Cd,Te can be grown on a
lattice-matched Cd;_,Zn,Te substrate if the compo-
sitions, x and y, of the respective layers are chosen
such that the lattice parameters of the alloys are
equal. In this case, an epitaxial layer will grow
without introducing additional defects. If there is a
misfit between the layers, the Hg;_,Cd,Te will grow
strained, and for a sufficient misfit at a given
thickness, or a sufficient thickness at a given misfit,
the stress in the film will create extended defects to
minimize the free energy of the system.!!

A multilayer epitaxial system of Hg;_,Cd,Te
grown on a Cd;_,Zn,Te substrate cannot be per-
fectly lattice matched. Such a structure will have a
strain profile that is dependent on the lattice
parameters of the individual layers, the lattice
parameter of the substrate, the degree to which
the structure relaxes, and where in the structure
relaxation takes place. Predictions for the onset of
relaxation can be made by calculations of the excess
stress,'? a force balance between the dislocation line
tension and the in-plane misfit stress, in the film for
various types of dislocations and considering both
single- and double-kink relaxation. Phenomenolog-
ical models can enable such calculations to approx-
imate the effect of time and temperature on defect
generation.'® However, thermodynamic models that
predict whether a structure is stable or not against
bending, elongation, and formation of dislocations
have critical shortcomings; For example, they do not
account for kinetic barriers, they typically neglect
the effect of the presence of dislocations, and they do
not account for the relaxation of the structure as the
film is grown. In practice, it is difficult to predict the
mismatch that would cause the formation of dislo-
cations in multilayer structures.

The two following questions are posed: (1) What
degree of mismatch can a given multilayer structure
afford before forming a significant number of dislo-
cations? (2) For a given multilayer structure, what
is the optimal lattice parameter of the substrate?
This work addresses these questions by the charac-
terization and analysis of strain and relaxation in
state-of-the-art Hg,_,Cd,Te multilayer structures
grown by molecular beam epitaxy on (211)-oriented
Cd;_,Zn,Te substrates. The techniques developed
for measuring lattice mismatch, tensile and shear
strain by measuring symmetric and asymmetric
diffraction profiles in different azimuths'* % were
adapted and performed in combination with dislo-
cation delineation for multilayer structure and full-

wafer characterization. It was found that the degree
of lattice mismatch and in turn the strain state of
epitaxial multilayers can be made uniform across
full wafers in optimized structures. A method of
mapping the crystalline quality by measurements of
the full-width at half-maximum (FWHM) of double-
crystal rocking curves'” was adapted for character-
ization of multilayer structures. A strong correla-
tion was observed between the Zn composition of the
Cd;_,Zn,Te substrates and the crystal quality of the
active layers in the multilayer structures. These
methods can be generalized to optimize structures
to minimize relaxation by the generation of
extended defects.

EXPERIMENTAL PROCEDURES

Multilayer Hg;_,Cd,Te structures were grown on
(211)-oriented Cd;_,Zn,Te substrates in a RIBER
32P MBE system. The precise composition of the
structures cannot be disclosed, but the active layer
of the structures was of suitable composition and
thickness for detection of long-wave infrared
(LWIR) radiation. The substrates were provided by
a supplier regarded by many as that which produces
the highest-quality Cd;_,Zn,Te. The Zn composition
of the substrates varied within and between sub-
strates, and the supplier provided the Zn composi-
tion as a function of position on the substrate. In
select cases, the composition provided b8y the sup-
plier was verified using Bond’s method.’

The general measurement technique involved
recording an x-ray diffraction intensity profile from
the surface symmetric (422) reflection from a LWIR
Hg,_,Cd,Te multilayer structure at an array of
points across the Cd;_,Zn,Te substrate at which the
Zn composition was known. At select points, surface
symmetric and asymmetric (440, 404, 511, and 333)
reciprocal-space maps (RSMs) were recorded and/or
defect delineation by a wet chemical etch was
performed to determine the strain state and the
degree of relaxation by the formation of defects,
respectively. Having knowledge of the Zn composi-
tion of the substrate at which measurements were
performed on the Hg,_,Cd,Te multilayer structures
allowed the correlation between the reflection peak
widths, the strain state, and the defect densities
with the composition of the substrate.

X-ray diffraction measurements were performed
on a Rigaku SmartLab high-resolution x-ray diffrac-
tometer system with a four-crystal Ge monochro-
mator and wusing Cu K, radiation. The
monochromator used the Ge (440) reflection, giving
beam divergence of 4 arcseconds. A computer con-
trolled the goniometer and sample stage degrees of
freedom, viz. the angle of incidence (), scattering
angle (2K), sample rotation about the surface
normal (¢), sample tilt (y), and sample translation
(x, y). Slits were chosen such that the beam spot size
on the sample was 1 mm x 2 mm. The diffracted
beam was collected by a wide-aperture detector. To
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determine distortions of the crystalline lattice, a Ge
(220) analyzer was added to the instrument to
construct high-resolution reciprocal-space maps.
Sample alignment and data acquisition were auto-
mated using Rigaku’s instrument control software.

RESULTS AND DISCUSSION

An example dataset that maps the substrate Zn
composition and the FWHM of the (422) x-ray
diffraction reflection from the active layer of a
LWIR Hg;_,Cd,Te multilayer structure is shown
in Fig. 1a and b, respectively. The intensity of the
incident and diffracted beam decreases with depth
and is a function of the angle of incidence and exit.
This can affect the absolute resolution of crystal
quality measurements. The effect on the measure-
ments of the buried layers was small and, impor-
tantly, did not prevent the establishment of the
dependence of the crystal quality on the composition
of the substrate. The maps clearly indicate a
correlation between the measured FWHM from
the multilayer structure and the Zn composition of
the substrate. Where the FWHM was smaller

20

Y (mm)
o

_10 4

=20 T
-20 -10 0 10 20

X (mm)

Y (mm)

-20 -10 0 10 20
X (mm)

Fig. 1. (a) Map of percent Zn composition as function of position on
(211)-oriented Cd;_,Zn,Te substrate. (b) Map of full-width at half-
maximum measured in arcseconds as a function of position of the
(422) x-ray diffraction reflection from the active layer of a LWIR
Hg,_»Cd,Te multilayer structure grown on the substrate in (a).
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indicates where the crystal quality of the multilayer
structure was relatively better. On this wafer, the
highest crystal quality was obtained where the Zn
composition was 4.0% to 4.1%.

The correlation between the substrate Zn compo-
sition and the crystal quality of the Hg,_,Cd,Te
multilayer structure was measured over a larger Zn
composition range than depicted in Fig. 1 by grow-
ing nominally identical structures on multiple sub-
strates. Figure 2 depicts the dependence of the
FWHM of the (422) x-ray diffraction reflection from
the active layer of seven LWIR Hg;_,Cd,Te multi-
layer structures. The films were grown consecu-
tively and in a single growth campaign to avoid run-
to-run variations. Furthermore, the void density
was lower than 800 cm 2 and the microvoid density
was lower than 5000 cm ™2 over the entire mapped
region of each wafer, with levels generally at or near
the limits imposed by the substrates.'® The varia-
tion of the Hg;_,Cd,Te composition was less than
0.01 in absolute composition over the entire mapped
region of each wafer.

In Fig. 2, higher crystal quality corresponds to
lower FWHM, and smaller lattice parameter corre-
sponds to larger percent Zn composition. The
dataset indicates that, for the particular structure
under investigation, optimal crystal quality was
obtained when the Zn composition of the substrate
was in the vicinity of 4.3%.

To determine the extent to which the films were
relaxing by the formation of extended defects due to
lattice mismatch with the substrate, a strip was
cleaved from each wafer and sections of the strips
were exposed to a dislocation decoration wet chem-
ical etch. Figure 3 shows scanning electron micro-
scopy micrographs measured on the [01-1] face of
several LWIR Hg;_,Cd,Te multilayer structures
grown on (211)-oriented Cd;_,Zn,Te substrates
after the dislocation decoration etch was performed.
The micrographs are labeled 1 to 5 in order of
increasing strain of the Hg;_,Cd,Te multilayer
structure with respect to the substrate. The

45

40 - o
sl oo ©° 9 9 o
'8 ° g o 6 (€]
§ 30r o 9 @ e o 3§
() o
9 25 H g 8 § g [
- | ) [} [
S 20 oLl °® g Q 8 ]
I 15 | ew I ! ° o}
; oL ‘
o 10  ouw i o 8
oLs
5 ots
o7
0 1 1 1 L L 1 1
3.2 34 3.6 3.8 4 4.2 4.4 4.6 4.8

Cd, ,Zn,Te Substrate Zn Composition (%)

Fig. 2. The full-width at half-maximum of the surface symmetric
(422) x-ray diffraction reflection from the active layer of seven
nominally identical LWIR Hg;_,Cd,Te multilayer structures versus
the Zn composition of the (211)-oriented Cd,_,Zn,Te substrates on
which the structures were grown.
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Fig. 3. Scanning electron microscopy micrographs measured on
[01-1] face of LWIR Hgy_,Cd,Te multilayer structures grown on
(211)-oriented Cd,_,Zn,Te substrates after a defect decoration etch.
The micrographs are labeled 1 to 5 in order of increasing equivalent
strain of the Hgy_,Cd,Te multilayer structure with respect to the
substrate. A pit indicates the presence of a dislocation.

micrographs are oriented such that the vertical
direction on the page is along the growth axis. A pit
indicates the presence of a dislocation. The disloca-
tions tend to collect at a specific point of high excess
stress in the structure, and at large mismatch their
density increases and position spread throughout
the structure. The quantitative dependence of the
single-kink and misfit dislocation density on the
degree of strain in the film was determined by
measuring the linear etch pit density over an 800-
um span that overlapped the region of the film on
which the x-ray diffraction measurements were
performed. The correlation between the FWHM,
the linear etch pit density, and the Zn composition
of the substrate is depicted in Figs.4 and 5,
respectively. The Zn composition of the portions of
material allocated for the measurements that
resulted in Figs. 4 and 5 was known with less
accuracy than the data in the preceding figures; the
Zn composition was known to within the error
indicated by the width of the data points in Fig. 5.
Etch pits were also observed on the [1-11] face but at
lower linear densities.

Etch pits on the same sections of wafers were
measured on the (211) face using dark-field optical
microscopy to determine the threading dislocation
density. The etch pit densities varied between
approximately 10* cm 2 and 5 x 10* em 2. Using
this technique, a correlation between the FWHM
and areal etch pit density or between the areal etch
pit density and the Zn composition of the substrate
was not observed.

Combining etch pit density measurements and
strain measurements from symmetric and asym-
metric reflection RSMs at select locations on wafers
that nearly span the substrate Zn composition
range in increments of less than or equal to 0.3%
of the dataset in Fig. 2, the following was observed
in regards to the active layer: The strain state
appears to be finite at all substrate Zn compositions.
A relatively small degree of shear and compressive
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Fig. 4. Full-width at half-maximum of the surface symmetric (422) x-
ray diffraction reflection versus the linear etch pit density measured
on the [01-1] face of LWIR Hg;_,Cd,Te multilayer structures. The
linear etch pit density was measured over an 800-um span
overlapping the region of the film on which the x-ray diffraction
measurements were performed.
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Fig. 5. Linear etch pit density measured on the [01-1] face of LWIR
Hg,_xCd,Te multilayer structures versus the percent Zn composition
of the (211)-oriented Cdy_,Zn,Te substrates. The width of the data
points indicates the uncertainty in the Zn composition of the wafer
segment on which the linear etch pit density was measured.
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or tensile strain is measured in the range of 4.2% to
4.4%. The strain outside of this region is also finite,
even for regions where relaxation by the creation of
extended defects took place. The degree of compres-
sive strain was larger at substrate Zn composition of
4.4% and greater, while the degree of tensile strain
was larger at substrate Zn composition of 4.2% and
lower. At 4.4% and greater and 4% and lower,
dislocations having a segment parallel to the growth
surface of the film are not necessarily confined to an
interface or plane. At 4.5% and greater and 3.8%
and lower, dislocation clusters are observed. It is
presumed that, in these clusters, the strain fields of
individual dislocations are not isolated. At 3.5% and
lower, a surface crosshatch pattern can be observed
under Nomarski microscopy.

Together, these findings lead to the following
interpretation of the dependence of the x-ray
diffraction FWHM on the Zn composition of the
substrate in Fig. 2: The smallest FWHM measured
at a given substrate Zn composition is dictated by
the degree of lattice matching between the multi-
layer structure and the substrate. The spread in
FWHM values at a given substrate Zn composition
may have the following causes: Measurement error
in both the precision to which the substrate Zn
composition is known at the location at which the
properties of the Hg;_,Cd,Te film were measured
and variations in aligning the goniometer degrees of
freedom may have led to an apparent spread in
FWHM values at a given substrate Zn composition.
Substrate crystal quality variations, such as local
variations in the dislocation density, also may have
led to a true spread in FWHM values at a given
substrate Zn composition. The latter cause merits
further investigation.

A key finding of this work is that, for the
multilayer Hg;_,Cd,Te structure under investiga-
tion, exceptionally high crystal quality was achieved
when the range of substrate Zn composition was
maintained to within +0.1% of an optimum value of
4.3%. The high crystal quality of the epitaxial thin
films is enabled by the high crystal quality of the
underlying substrate. It is emphasized that, to
maintain high-crystal-quality epitaxy, the substrate
Zn composition areal variation needs to be held to
within a fraction of a percent. The experimental
methods and analysis that led to this finding can be
generalized to optimize other multilayer structures
to minimize relaxation by the generation of
extended defects.

An important extension of this work would be the
study of variations in the low threading dislocation
density of Cd;_,Zn,Te substrates and epitaxial
Hg,;_,Cd,Te thin films by suitable nondestructive
techniques. It is proposed that researchers in the
field consider (1) a systematic study of x-ray diffrac-
tion reflection profiles on epi-layers and substrates,
and (2) the apglication of electron channeling
contrast imaging®® to characterize dislocation char-
acter and density. The latter has been effective at
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characterizing dislocations in a variety of semicon-
ductor systems®?? and could be suitable to study
dislocations in certain Hg;_,Cd,Te/Cd;_,Zn,Te
heterostructures.

CONCLUSIONS

State-of-the-art Hg;_,Cd,Te multilayer struc-
tures grown on (211)-oriented Cd;_,Zn,Te sub-
strates by MBE were characterized and their
strain and relaxation analyzed. Techniques for
measuring lattice mismatch, strain, and crystal
quality by measuring symmetric and asymmetric
diffraction profiles in different azimuths were
adapted and performed in combination with dislo-
cation delineation for full-wafer and multilayer
characterization. It was found that the degree of
lattice mismatch and in turn the strain state of
epitaxial multilayers can be made uniform across
full wafers in optimized structures. A strong corre-
lation was revealed between the Zn composition of
the Cd;_,Zn,Te substrates and the crystal quality of
the active layers in the multilayer structures. This
method can be generalized to optimize multilayer
structures to minimize relaxation by the generation
of extended defects.
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