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Abstract

An investigation of the properties of HgCdTe films grown by MBE and devices made from such films are reported. Through
the precise control of growth conditions and the screening of the Zn component of CZT(211)B substrates, high-quality
HgCdTe films were successfully deposited onto the CZT(211)B substrates and characterized by x-ray diffraction rocking
curve analysis and etch pit density analysis. X-ray rocking curve (422) reflection full-width at half-maximum (FWHM)
of less than 15 arcsec was obtained for Hg,, ,Cd, ;Te epitaxial films, and etch pit density (EPD) of about 2 x 10* cm™ was
observed. At the same time, the relationship between the FWHM of the x-ray double-crystal rocking curve and EPD was
confirmed. By optimizing the pretreatment process of the CZT(211)B substrate, a further significant reduction in HgCdTe
macrodefect densities to 54 cm™2 to 1000 cm™~2 was observed on CdZnTe, including occasional occurrences of very few or
no large "void clusters" that are often observed. Planar p-on-n HgCdTe mid-wave infrared (MWIR) focal plane arrays (FPAs)
were fabricated based on MBE in situ indium doping and arsenic ion implantation technology. The temperature-dependent
performance of planar p-on-n MWIR FPAs shows that the device has the ability to operate at high temperature of about
140 K with high performance.

Keywords MBE - HgCdTe films - crystal quality - MWIR FPAs - temperature-dependent performance

Introduction early warning, air defense, anti-missile, and space remote

sensing detection.'™

Hg, Cd Te(MCT) material, invented by British scientists
Lawson and co-workers in 1959, is a ternary compound
semiconductor. By adjusting the cadmium component, the
infrared detection of three atmospheric windows of 1-3 pm,
3-5 pm and 8-14 pm can be realized. The HgCdTe photon
detector has the advantage of high quantum efficiency (QE)
because of its direct bandgap and large absorption coeffi-
cient, and is in the leading position for application in the
field of high-performance cooled infrared photon detectors
due to its excellent photoelectric performance. The HgCdTe
detector is the core device with the most urgent demand and
the most extensive applications in high-performance infrared
photoelectric systems such as photoelectric imaging, radar
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At present, HgCdTe infrared detectors are developing
towards a new generation of infrared detector technology
called SWaP?, and high-quality thin film materials are the
basis for the development of high-performance infrared
detectors. Molecular beam epitaxy (MBE) technology has
the advantages of an ultra-high vacuum growth environment,
flexible in situ doping, steep interface control and multilayer
heterojunction growth. It is one of the most promising "flex-
ible" manufacturing technologies for the development of
new-generation HgCdTe infrared focal plane arrays (FPAs),
such as HgCdTe multicolor and HOT detectors.>!!

Cd,_Zn,Te (CZT) material can achieve perfect lattice
matching with HgCdTe material by adjusting the zinc com-
ponent, which is an ideal substrate for the epitaxial growth
of high-quality HgCdTe films.!? This paper studies the
properties of HgCdTe films grown by MBE on CZT(211)B
substrate. Based on this, a planar p-on-n mid-wave infrared
HgCdTe FPA is fabricated and its performance is verified.
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Experiment

The polished CZT substrate is corroded with 0.5% bro-
mine methanol for 10 s, cleaned by deionized water, and
then fixed on the molybdenum sample holder with indium
bonding. The growth is performed in a Riber 32P MBE
system equipped with a liquid Hg source, a reflection
high-energy electron diffraction (RHEED) system, and an
infrared pyrometer. The growth temperature is well con-
trolled by proportional-integral-differential (PID) feed-
back via a Ga-wetted thermocouple in direct contact with
the sample holder. The surface oxide layer on the substrate
is removed by deoxidizing at 320°C for 5 min, and then the
HgCdTe film is grown at the optimal growth temperature
of 180 + 1°C. The deoxidization and growth processes are
real-time monitored by in situ RHEED.

A Fourier-transform infrared (FTIR) spectrometer
was used for transmission spectroscopy. Transmission
spectroscopy was used to determine the composition and
thickness of the HgCdTe layers. The crystal quality of the
grown HgCdTe films is assessed by the full-width at half-
maximum (FWHM) of the x-ray double-crystal rocking
curve (DCRC). Analysis of threading dislocation densi-
ties measured by etch pit density (EPD) using published
Schaake and Chen etchants'>~!5 for HgCdTe films with pit
counting and evaluation of the distribution is performed
with an optical microscope at X 1000 magnification. The
surface macrodefect density is counted by a metallo-
graphic microscope at x50 magnification, and the origin of
macrodefects on the surface of HgCdTe films is analyzed
by scanning electron microscopy (SEM).

Planar p-on-n HgCdTe mid-wave infrared (MWIR)
FPAs based on MBE-grown in situ indium-doped HgCdTe
films with thickness of 7-8 pm are fabricated by arsenic
ion implantation, and the temperature-dependent perfor-
mance of devices is tested and analyzed.

Results and Discussion
Material Crystal Quality

Because of the narrow growth window (180 + 1°C) for
HgCdTe films grown by MBE, the precise control of the
growth temperature directly restricts the crystal quality of
HgCdTe epitaxial films. The growth temperature is good
controlled by PID feedback via a Ga-wetted thermocouple
in direct contact with the sample holder. Figure 1 shows
the RHEED patterns of material grown with different time,
indicating that the growth mechanism of HgCdTe films has
rapidly changed into two-dimensional growth.
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Fig. 1 RHEED patterns at the initial stage of HgCdTe growth.
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Fig.2 The x-ray rocking curve of mid-wave HgCdTe film.

The minimum value of DCRC-FWHM of HgCdTe films
is less than 15 arcsec, which is equivalent to the international
advanced level such as that reported by TIS and RVS in the
USA.'2Y Figure 2 displays a typical x-ray rocking curve for
the (422) reflection for Hg,, ,Cd,, ;Te films deposited on CZT
substrates, and the FWHM is about 13.1 arcsec. The results
show that the HgCdTe films have good crystal quality, and
there is no obvious dislocation proliferation in the HgCdTe
epitaxial layer compared with the CZT(211)B substrate.

Threading dislocations are typically observed in HgCdTe
epitaxial layers by the application of a decorative defect etch
to reveal an etch pit density (EPD).?!2* According to a large
number of experimental statistics of HgCdTe films, it is fur-
ther confirmed that the corresponding relationship between
EPD and FWHM of the x-ray diffraction (XRD) rocking
curves of HgCdTe films grown by MBE on CZT(211)B sub-
strate is consistent with that reported in the literature,'® as
shown in Fig. 3.

According to the statistical results, the main reason for
the large dispersion of EPD of HgCdTe films is the disper-
sion of the zinc component of the CZT(211)B substrate.
Thus, screening the zinc component of CZT substrates is
the basis for the epitaxial growth of high-quality HgCdTe
films. Figure 4 shows the EPD distribution and dislocation
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density of HgCdTe films under x1000 optical microscope,
and the corresponding XRD FWHM and Zn components
are also marked in the figure. In consideration of space,
only six combined diagrams are placed in Fig. 4 to repre-
sent the dislocation etch pit distribution on the surface of
a thin film, especially grown on a CZT(211)B substrate
with a large dispersion of Zn component distribution, or
different thin films grown on CZT(211)B substrates with
different Zn components. It should be noted that mainly
single etch pits are uniformly distributed across the film,
but a few small clusters are visible.

Etch pits are counted by recording up to 12 micrographs
(each image covering an area of 105.03 pm X 59.03 pm)
and counting the etch pits manually. The actual number of
images used for a particular sample is chosen according
to the etch pit density to ensure good counting statistics.

10°
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Fitting Curve | 3

10 20 30 40 50 60 70 80 90
DCRC FWHM (arcsec)

Fig.3 Corresponding relationship between EPD and DCRC-FWHM
of HgCdTe films (the thickness of MCT films ranges from 8 to
10 pm).

B EP s S tainen 20um (U

< 20pum

For counting of the small etch pits, images with higher
magnification (x1000) are recorded.

Based on the dark current and noise mechanism of
HgCdTe detectors, in order to realize the fabrication of high-
performance infrared detectors, especially for long-wave
infrared (LWIR) and very-long-wave infrared (VLWIR)
detectors, it is necessary to ensure that the threading dis-
location density of HgCdTe films is typically less than
5% 103 cm™2.2! According to the fitting curve of the rela-
tionship between EPD and DCRC-FWHM of HgCdTe films
shown in Fig. 4, the DCRC-FWHM of HgCdTe films should
be controlled within 40 arcsec.

Surface Macrodefects

The macrodefect density on the surface of HgCdTe films
directly affects the number of defective pixels of FPAs.?>2
Here, pixels were defined as defective when individual
noise equivalent temperature difference (NETD) or tempo-
ral noise exceeds = 100% of the mean value of all pixels or
if its response is less than 0.7 or larger than 1.3 times the
mean response. The relatively low macrodefect density is the
basis for high performance of HgCdTe devices. Macrodefect
density consists of all defects on HgCdTe epitaxial layers
that can be viewed under an optical microscope. Therefore,
the macrodefects include micro-voids, voids, spits, and other
defects.

The surface macrodefects of HgCdTe films can be clas-
sified into two categories; one is related to the growth con-
ditions, such as growth temperature and flux ratio, and the
other is related to the surface state of the polished CZT
substrate.”” The macrodefects related to growth conditions

‘"

* 20pm 20pum

20pum 20pum

Fig.4 The EPD distribution and dislocation density of HgCdTe films under x1000 optical microscope, and the corresponding DCRC-FWHM

and Zn components are also marked.
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Fig.5 Surface morphology and macrodefects of HgCdTe films.

can be effectively eliminated by good growth temperature
control and precise adjustment of Hg/Te flux ratio so that the
surface macrodefects mainly come from the surface state of
CZT(211)B substrate after polishing or corrosion. Figure 5
shows the typical morphology of HgCdTe films grown on
CZT(211)B substrate by MBE, and the size of surface mac-
rodefects is mainly distributed in the range of 4—7 pm. A
well-defined surface cross-hatch pattern resulting from the
growth modulation caused by the lattice-mismatch between
HgCdTe films and CZT(211)B substrate is observed, reflect-
ing that the MBE growth technique of HgCdTe film has high
maturity, 2830

Macrodefects can generally be observed on the surface
of MBE-grown HgCdTe films on CZT(211)B substrate,
with a substantial fraction believed to arise from defective
growth on telluride precipitates present on the CZT(211)B
substrate surface. In addition, the microparticle residues on
the surface of CZT substrate are also an important origin of
macrodefects, especially for the "void cluster" defects.>*4

In order to reduce the macrodefect density on the surface
of the HgCdTe films, it is necessary to identify the origin of
the surface macrodefects of our grown films. The sample is
cleaved along the (0?1) face, and the morphology of the

cleavage plane is observed by SEM. The cross-sectional
SEM image of HgCdTe sample cleaved along the (01 1 ) face

is shown in Fig. 6, and a V-shaped macrodefect is noted in
the HgCdTe film.

According to the cross-sectional SEM image of the sur-
face macrodefect, we hypothesized that the surface macro-
defects might be caused by the microparticles remaining
on the surface of the polished or corroded CZT substrate.
Based on this hypothesis, energy-dispersive x-ray spec-
troscopy (EDX) is used to investigate the elements of
microparticle residues on the surface of the pretreated
substrates. The results obtained from EDX analysis of
the microparticle residues reveal the presence of the ele-
ments Zn, Al, Cd, Te, Si and O, as shown in Fig. 7a and
b. Oxygen is detected indirectly by both systems, thereby
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Fig.6 The cross-sectional SEM image of the cleavage plane of
HgCdTe film.

indicating that the elements in the sample may be present
in the form of their metal oxides, namely SiO, and Al,O;,
introduced from the substrate pretreatment process.

After confirming the main origin of surface macrode-
fects, the optimization experiments of substrate pretreat-
ment process are carried out to solve the problem of resid-
ual particles on the substrate surface, including ultrasonic
cleaning, HF acid corrosion cleaning and optimization of
grinding and polishing process.

By further optimizing the substrate pretreatment pro-
cess, the macrodefect density on the surface of the HgCdTe
films can be effectively reduced. Macrodefects are counted
by recording up to twelve micrographs (each image cover-
ing an area of 2100.67 pm X 1180.67 um) and counting the
defects manually. The actual number of images used for a
particular sample is chosen according to the macrodefect
density to ensure good counting statistics. For counting of
the larger voids, images with lower magnification (x50)
are recorded.

The macrodefect density is very uniform on the wafers
and the minimum density reached 54 cm™2, and the
statistical average value is less than the target value of
1000 cm™2. At present, the macrodefect density of MCT
materials with a thickness range of §—10 um grown by
MBE in our institution is comparable to that reported by
TIS and RVS,'%?° and run-to-run reproducibility is very
good. Figure 8 shows the surface morphology of HgCdTe
films grown after the optimization of substrate pretreat-
ment process. Figure 9 shows the macrodefect density and
the reproducibility of the macrodefect density of a series
of sequentially MBE-grown HgCdTe films, after optimiz-
ing the pretreatment process of CZT(211)B substrate.
These results indicate that the surface macrodefects that
originated from the microparticles remaining on the sur-
face of CZT(211)B substrates are effectively suppressed.



HgCdTe Films Grown by MBE on CZT(211)B Substrates

(@

c:ledax32\genesis\genmaps.spc 08-Jun-2020 10:44:52
LSecs: 19

27 ~

Al cd

Te

Element
OK
ZnL
AlK
CdL
Tel
Matrix

Witk

04.52
00.40
05.59
41.68
47.81

Correction

At%h

22.78
00.49
16.68
29.87
30.18
ZAF

2445
(b)
c:ledax32\genesis\genmaps.spc 08-Jun-2020 11:19:49
LSecs: 19
2.6 o
Element  Wit% At%h
24 OK 02.53 15.16
ZnL 01.35 01.97
s A SiK 02.37 08.07
KCnt d CdL 42.93 36.61
o Te Tel 50.83 38.18
o Matrix Correction  ZAF

0.5

L

0.0 -

Energy - keV

T T T T T T T T 0.0
100 200 3.00 400 500 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 *

T ¥ T T T T T T
1.00 200 3.00 400 500 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.
Energy - keV

Fig.7 Both a and b show the EDX results of microparticle residues on pretreated CZT substrate.
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Fig.8 Surface morphology of HgCdTe films grown after the optimi-
zation of substrate pretreatment.
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Fig.9 The macrodefect density and the reproducibility of the macro-
defect density of a series of sequentially MBE-grown HgCdTe films
after the optimization of substrate pretreatment.

Fabrication and Performance of MWIR FPAs

A 7.5-um-thick MWIR HgCdTe (x=0.30) film is grown on
CZT(211)B substrate by a Riber 32P MBE system, with an

Relative spectral response (%)

25 3.0 3.5 4.0 4.5 5.0 55
Wavelength (um)

Fig. 10 Relative spectral response of MWIR HgCdTe FPAs at 77 K.

indium doping concentration of about 5x 10'* cm™. The
640x 512 MWIR HgCdTe FPAs with a pixel pitch of 15 pm
are fabricated with planar p-on-n junctions achieved by arse-
nic implantation into an indium-doped HgCdTe base layer.
The HgCdTe chip arrays and column-level analog-to-digital
converter (ADC) digital silicon readout integrated circuit
(ROIC) are interconnected to hybrid FPAs by flip-chip bond-
ing using indium bumps, and then packaged into the testing
Dewar (F#=2). The performance of MWIR HgCdTe FPAs at
77 K is studied. Figure 10 shows the relative spectral response
curve of MWIR HgCdTe FPA. Figure 11 shows the thermal
response pixel mapping for a MWIR HgCdTe FPA presented
in front of a 293 K blackbody.

The NETD value for the fabricated FPA measured at 77 K
is about 10mK. The NETD of the IR FPA can be calculated
according to the formula:*

NETD = [+ Va/lo)]

1
rIcsC (Jd + J(D)ATint/q ( )
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Fig. 11 Thermal response pixel mapping attained for a 293 K black-
body screen illumination for a MWIR HgCdTe FPA operated at 77 K.
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Fig. 12 Temperature-dependent NETD and operability of MWIR
HgCdTe FPA.

where J is the dark current density, Jg is the background
flux current, C = (d®g/dT)/®y is the scene contrast
through the optics, @gis the flux from the cold shield, A
is the pixel area, 7, is the available integration time, 7 is
the cold shield efficiency, and q is the electron charge. At
77K, J, = 0and 5, = 1. The calculation of NETD shows
that the noise of the FPA at 77 K is dominated by the shot
noise caused by the background photon. The operability
of the FPA is 99.496%, and the center size of 320X 256 is
99.662%. The operability is defined as the number of pix-
els with a NEDT value or temporal noise within +100% of
the mean value of all pixels, or the number of pixels with
responsivity value within +30% of the mean. The photore-
sponse non-uniformity of the FPA is 4.08%. These results
show that the planar p-on-n MWIR HgCdTe FPA has excel-
lent performance.

The temperature-dependent performance of the FPAs is
tested. Figure 12 shows the NETD and operability of MWIR
HgCdTe FPA as a function of temperature.

According to the temperature-dependent performance
results of MWIR HgCdTe FPA, the NETD increases rapidly

@ Springer

with the increase of temperature when the operating tempera-
ture is above 170 K. The variation trend of NETD with tem-
perature is consistent with that of p-on-n HgCdTe mid-wave
infrared FPAs reported by AIM in Germany and Sofradir in
France.*®” The operability of MWIR HgCdTe FPA decreases
significantly with the increase of temperature when the operat-
ing temperature is above 140 K. The temperature-dependent
performance shows that planar p-on-n MWIR HgCdTe FPAs
have the ability of operating temperature of about 140 K,
which indicates that the HgCdTe films grown on CZT(211)B
substrate by MBE have high crystal quality.

Conclusions

High-quality HgCdTe films are grown on CZT(211)B sub-
strates by MBE. Layers having specular surface morphol-
ogy, good crystalline structure, and surface macrodefect
densities < 1000 cm ™2 are routinely achieved, and run-to-run
reproducibility is very good. The minimum value of DCRC-
FWHM of HgCdTe films is less than 15 arcsec, and the EPD
is about 2x 10* cm™2. The quality parameters of HgCdTe
films are comparable to the international advanced level,
but there are still some gaps. The corresponding relationship
between EPD and DCRC-FWHM reported in the relevant
literature is further confirmed.

Planar p-on-n MWIR HgCdTe FPAs are fabricated based
on MBE-grown in situ indium-doped HgCdTe films with the
thickness of 7-8 um using an arsenic implantation technique.
We have demonstrated high-performance MWIR 640X 512
HgCdTe FPAs and found that the FPAs still have high per-
formance at operating temperatures of approximately 140 K.
The MBE growth technology of high-quality HgCdTe films
on CZT(211)B substrate provides a very important basis
for the fabrication of a new generation of high-performance
HgCdTe infrared detectors currently under development at
the Kunming Institute of Physics, such as NPN MW/LW
dual-band and P*/v(n)/Nt HOT FPAs.
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