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Abgtract : Some results on the molecular-beam epitaxial growth of HgCdTe focusing on the requirements of the
3rd generation infrared focal plane arrays are described. Good unif ormity is observed over 75mm HgCdTe epilay-
ers,and the deviation in cutoff wavelength is within 0. 4 m at 80K. A variety of surface defects are observed and
the f ormation mechanism is discussed. The average density of surface defectsin 75mm HgCdTe epilayers is f ound
to be less than 300cm 2. It is found that the surface sticking coefficient of As during HgCdTe growth is very low
and is sensitive to growth temperature,being only 1x10 *at 170 . The activation energy of Asin HgCdTe was
determined to be 19.5meV ,which decreases as (Na - N¢)“® with aslope of 3.1x 10 °meV - cm. The diff usion
coefficients of Asin HgCdTe of 1.0+0.9x10 *® 8+3x10 *® and 1.5+0.9x 10 ®cm?/s are obtained at tem-
peratures of 240,380,and 440
ed into FPA fabrications,and the preliminary results are presented.

,respectively under Hg-saturated pressure. The MB Egrown HgCdTe is incorporat-
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Surface defects as well

as didocations in the

1 Introduction

Third generation infrared imaging systems re-
quire Hg:- xCdx Te-based infrared focal plane arrays
(IRFPAs) with increased formats and multi-color
sensing capabilities™ . The capability of insitu for-
mation of pn junctions? | hetero-epitaxial growth
on largearea lattice mismatched substrates of
GaAs,Ge™® jand S thermally-matched with read-
out chips,and the ability to control surface mor-
phology are becoming the most important issuesin
pushing the technique of molecular-beam epitaxy
(MBE) of HgCdTe to maturity ,and have been ex-
tensvely studied by many groups worldwide.

The mgjor challenges are the growth of high
quality epilayers on highly lattice-mismatched and
thermally-mismatched foreign substrates, surface
morphology ,and extringc p-type doping with As.
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HgCdTe are known as* device killers”®®"  which

serioudy degrade device performance. Because of
the very low sticking coefficient of Hg ,the nuclea
tion of surface defectsis a sendtive function of the
growth conditions employed. In order to obtain ma-
terial with a lower didocation dendty ,the lattice
matched Cdo.ss Zno.os Te is commonly employed as a
substrate for HgCdTe epitaxy. However,
Cdo.os ZNo.os Te suffers from the problems of rela
tively small area and poor thermal compatibility
with dlicon readout chips,which resultsin thefail-
ure of FPA's during temperature cycling.

It has been recognized that the difficultiesin
the Asdoping of MBEgrown HgCdTe mainly
come from the amphoteric behavior of As due to
the Terich growth mode and the low-temperature
growth condition as required by the low surface
sticking coefficient (SSC) of As, which further
complicates the understanding of the primary pos
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sible modes of Asincorporation.

This paper describes some of our results ob-
tained at the Center for Advanced Materials and
Devices (CAMD) in an attempt to address the
challenges mentioned above.

2 Gowth on GaAsand S substrates

The growth was performed in a Riber 32P sys
tem with sourcesof zn,CdTe,Te,Hg,As ,and In.
We employed 75mm GaAs (211) B and S (211)
wafers as substrates. To reduce the latticemis
matching between the HgCdTe and the substrates,
a buffer layer composed of either ZnTe/ CdTe or
CdTe was grown prior to the HgCdTe nucleation.
The thickness of the buffer layer wasin the range
from 3 to 121 m. A spectroscopic ellipsometer (SE)
capable of utilizing 44 different wavelengths in
the range of 410 761nm (J. A. Woollam Inc.)
was attached to the MB E chamber at an angle of
approximately 70° for in situ real-time monito-
ring of composition variation. The x value and the
thickness were evaluated by IR transmission
measurements,which were carried out by using a
Fourier transformer spectrometer (BRO-RAD
STF65A) . To avoid the uncertainties in determi-
ning the x value and the thickness resulting from
the multilayer interference in transmission
curves,a computer simulation based on a simple
model of the multilayer interference was per-
formed in an attempt to unambiguously determine

these parameters'” .
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Fig.1 Controllability in cutoff wavelength

The composition uniformity is a major issue
of concern in developing HgCdTe MB E technol o-
gy.By refining the processes of both flux meas-
urements and the amount of charging material in
crucibles, a significant improvement in composi-
tion reproducibility was achieved. For long wave-

length (L W) applications (a mean x value of
0. 229) ,a standard deviation (STDDEV) in x of
less than 0.0017 was obtained in a runto-run
base. As shown in Fig. 1,a yield of cut-off wave-
length of 73 % was obtained as screened by a devi-
ation of less than 0. 21 m from the targets. The
HgCdTe epilayers showed good lateral unif ormity
in both composition and thickness. Figure 2 shows
an example of composition or cutoff uniformity
for a75mm HgCdTe wafer grown on Si. The max-
imum deviation in cutoff wavelength at 80K is less
0. m over the central area of a diameter of
70mm ,satisfying the requirements for FPA fabri-
cation.
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Fig.2 Composition and cutoff wavelength unif ormity
for a 75mm HgCdTe wafer on Si

To overcome the problem of the large lattice
mismatch (19. 3%) between HgCdTe and Si, a
procedure consisting of As passivation, |low-tem-
perature nucleation of ZnTe followed by high-
temperature annealing,and the subsequent growth
of ZnTe and CdTe at normal temperatures were
employed on Si substrates. A high density of dislo-
cations was generally exhibited in the asgrown
HgCdTe,with typical EPD values at the surfaces
of 9 20 x10°cm . In order to reduce the dislo-
cation density ,an insitu high-temperature annea-
ling procedure was employed. The samples were
capped with ZnTe or ZnSe at the growth end and
annealed inside the growth chamber at 350
450 for 10 20min. The EPD value could be ef-
fectively reduced to typically (2 4) x 10°cm’?
for L W samples.

For growth on highly lattice-mismatched sub-
strates, twinning is likely to occur in the epilay-
ers. X-ray high-resolution diffraction ( XRD)
(Philps X' Pert Pro MRD) analysis showed that
the HgCdTe was in the [211] orientation,and no
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twinning-related [ 133] peak was found. It was
found that the formation of (133) twins was
closely related to the nucleation temperature for
the first layer of ZnTe as well as the proper con-
dition for high-temperature growth. The full
width at half maximum (FWHM) values for
HgCdTe epilayers grown on GaAs and Si were
typically 60" 80'. An example of the FWHM
mapping of diffraction curves of HgCdTe grown
on Si isshown in Fig. 3.
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Fig.3 FWHM mapping of XRD on 75mm HgCdTe
grown on Si

3 Surface defects

The surface defects in the pixels of FPAs can
seriously degrade the performance of the devices.
Because of the very low sticking coefficient of Hg,
the nucleation of surface defects is a sendtive
function of the growth conditions employed. In

order to minimize the density of the surface de
fects,the origin of defect nucleation as well as its
relation with the growth conditions should be clari-
fied.

The features of various surface defects on
HgCdTe epilayers grown under different condi-
tions were studied by usng scanning electron mi-
croscopy (SEM) ,energy dispersive X-ray fluores
cence spectroscopy (EDX) ,and atomic force mi-
croscopy (AFM). The EDX analyss was per-
formed by using standardless ZAF corrections (a
tomic number ,absorption and fluorescence coeffi-
cients) for qualification.

As shown in Fig. 4,various kinds of surface
defects were observed on the HgCdTe surfaces.
Some of these defects were voids,some were hill-
ocks,and some were mixture of voids and hillocks.
The origin of these defectsis ether substrate-relat-
ed ,growth-related or both substrate- and growth-
related. Figures4 (a)  (c) show substrate related
defects (type 3) ; (d) showsvoids related to Hg-de
ficiency (type 2) ;(e) (f) show the voids when
Hgisfurther deficient (type 1) ;(g) shows defects
related to Hg enrichment (type 4) ,and (h) shows
the void sometimes observed when the growth
temperature was lowered from the optimal condi-
tionby 2 (type5). For FPA applications,obvi-
oudy type 1 3 defects are more problematic be-
cause they are large in sze and may penetrate deep
into the film. Even one such defect may completely
kill the pixel. By efforts in substrate preparation
and control of growth conditions, the densty of
surface defects of HgCdTe has been reduced to less
than 300cm 2.

Fig.4 SEM and Normaski (e) micrographsof surface defects
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4 As incorporation

To understand the sticking behavior of As at-
om and its relation to the presence of Hg,the SSC
of As during HgCdTe growth was measured as
shownin Fig. 5. As compared with CdTe,the As
sticking in HgCdTe shows surprisngly different
behavior , decreasng much more rapidly with in-
creasng temperature by more than an order of
magnitude within a temperature increment of only
10 . The temperature sendtive behavior of As
sticking suggests that the ability to control growth
temperature is critical in terms of doping stability
as well. A deviation in growth temperature of 1
would cause a variation of more than 10% in do-
ping concentration when growing in the 160
170 range. As shown in Fig.5,the fact that the
SSC of Asin HgCdTe is much lower than that in
CdTe at the temperatures higher than 160 im-
plies that it may have some correlation with the
sticking behavior of Hg.
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Fg.5 SSCof Asin CdTe and HgCdTe asfunctions of
growth temperature

In order to understand the behavior of Asin-
corporation in the epilayers,the annealing experi-
ments were carried out either under Hg pressurein
closed quartz ampoulesin a dual-zone oven ,or in a
vacuum environment at different temperatures. Be-
fore annealing ,the samples were etched with a bro-
mine methanol solution to remove the CdTe cap
layers. The experiments were performed with dif-
ferent combinations of three basic anneals:the n-
type anneal ,the activation anneal ,and the vacuum-
anneal. Here ntype anneal means an annealing at
240 for 48h under Hg saturated pressure to anni-
hilate the metallic vacancies created either during
the growth or during other annealing processes. All

the annealing experimentsin this study were termi-
nated with an ntype anneal. Some samples were
pre-annealed with this procedure prior to the other
anneal s. The activation anneal or p-type anneal re-
fersthe annealing in a temperature range of 285 to
440 for 0.5 to 30h at different Hg pressures.
This process also creates metallic vacancies. The
vacuumranneal is performed in vacuum without
participation of the out-coming Hg and is aimed to
understand the role of Hgin As activation. It was
performed at 360 for 30h ,whichis known to pro-
duce metallic vacancies’® . ZnS layers were depos-
ted on the sample surfaces before the vacuumran-
nealing to prevent surface degradation at the ele-
vated temperature ,and they were removed prior to
the following ntype anneals. The electrical proper-
ties were found by temperature-dependent Hall
measurements in the Van der Pauw configuration
in atemperature range of 300 12K at a magnetic
field strength of 0. 2T. Before the measurements,
the samples were etched to remove possble n-type
top layers.

The temperature-dependent Hall measure
ments for undoped asgrown samples grown at
170 showed a compensated n-type characteristic.
Figure 6 shows the hole concentration as afunction
of the doping level of the epilayers annealed at dif-
ferent conditions for activation. The genera trend
in As activation is consstent with those repor-
ted” | the electrical activation approaches 100 %
when the doping level is low, and saturates or
drops as the doping level increases beyond 1 X
10%cm 2.
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Berding et al. ™ proposed that the As atoms
incorporate primarily as a neutral complex conr
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posed of As occupying a metallic sublattice and a
metallic vacancy , (Asvw-Vwu) , bound to a metallic
vacancy acceptor ,and as isolated Asw donors. It is
sugpected that in the asgrown samples,the As at-
oms were possibly incorporated as donors surroun-
ded by additional metallic vacancies which are pos
sbly associated with a large lattice distortion crea
ted by the As. The As donors could be isolated at-
omsin the metallic sublattices or some other struc-
tural defects like As: tetramers and clusters. Both
ambient Hg and metallic vacancies are commonly
believed to take important rolesin the ste trander
processfor Asatomsinto the Te-sublattices. It was
predicted that during the activation annealing,the
Hg atomsfrom the ambient would first replace the
A's atoms occupying the metallic sublattices, and
that these As atoms would then replace Te atoms
at the Te sites and become the acceptors™! or first
Te atoms would trander to the metallic vacancies,
generating antisite defects paired with metallic var
cancies followed by the tranger of Asatomsto the
evacuated Te sublattices to form acceptors™® . To
verify the e&fects of Hg on the activation ,vacuum-
anneal s were performed on some of the samples
(doping levelsfrom 1 x 10" to 2 x 107 cm™®) . The
Hall measurements on those samples (not shown
inthefigure) indicate that only 2% 4 %of the As
atoms were converted to acceptors without the help
of Hg,confirming the effect of Hg in As activer
tion. In an attempt to understand the roles of me-
tallic vacancies,two kinds of opposte pre-anneals
were employed. One was an nrtype pre-anneal to
annihilate the metallic vacancies created either dur-
ing growth or by Asincorporation as mentioned a
bove ,and the other one was a p-type pre-anneal at
285 and 400 and Hg partia pressures of 1600
and 7000Pa ( Te-saturated limit) , respectively ,to
introduce more metallic vacancies at the beginning.
The pretreated samples were then subsequently
annealed at 300,360 ,and 440 under Hg saturated
pressure. As shown in Fig. 6 ,the results did not
cause any remarkable change in As activation com-
pared to those without the pre-treatment. The re-
sult can be explained by the fact that the metallic
vacancies were a0 created during the activation
anneals regardiess of the initial concentration of
the metallic vacancies. Another attempt was to var
ry the Hg partial pressure during the activation an-

neals. As shown in Fig. 6 ,a certain amount of As
could be activated during low temperature anneal's
at 285° C even under a Hg partial pressure of 1.
6k Pa. For samples annealed at 400°C at the Te sat-
urated limit , a noticeable reduction in activation
was observed for highly doped samples ( >1 x 10"
cm’?®) as compared with those annealed under the
Hg saturation. The activation energy E: of As ac
ceptorsin HgCdTe was determined by curvefitting
the temperature-dependent Hall concentration with
the theoretical model consdering a single level of
acceptors”. The activation energy for the isolated
acceptors, B ,wasfound to be 19.5meV ,which de-
creased with increasng (Na - Ng¢)¥?in a sope of
3.1x10 °meV - cm .

The As diffuson in HgCdTe was experi men-
tally investigated usng SIM S depth profile analys' s
on the samples annealed at different conditions. As
described above ,thermal annealing under Hg pres
sure is an effective way to electrically activate As.
However ,the thermal process will destroy the in-
terfaces of a multilayered structure obtained by low
temperature growth ,the major advantage of MBE.
It a0 causes the As to diffuse,degrading the pn
junctions. In order to understand the As diffuson
due to the thermal activation process,the diff uson
coefficients of As were derived by fitting the meas
ured SIMS depth profiles after annealing with the
theoretically calculated curves. The samples enr
ployed were grown while alternatively opening and
closgng the As shutter to produce sharp interfaces
between the doped and un-doped regions. The cal-
culation was carried out by numerically solving the
diffuson equation with the As diff uson coefficient
as the fitting parameter. The SIMS depth profile
before annealing was used in the calculation as a
primary condition. To avoid the uniformity effect in
lateral distribution of the As,for comparison the
samples were cut in pairs sde by sde from the
same wafer. It wasfound that the As diffuson at a
lower annealing temperature of 240 was negli-
gibly sow ,with a diff uson coefficient of (1.0x0.
9) x 10 *cm?®/ s. The diffusion coefficients of Asof
(8+3) x10 * and (1.5+0.9) x 10" *cm’/ s were
obtained at 380 and 440 ,regectively. The de
pendence obtained here of the As diffuson coeffi-
cient on annealing temperature is in good agree
ment with those previoudy reported onionimplan-
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ted™ " or Hg saturated L PE-grown'™ epilayers.

To identify the effect of Hg pressure on the As
dffuson ,a sample was vacuumrannealed at 380°C for
16h. It was found that the doped region was amost
completely smeared out ,and the correpponding diff u-
don codfident was estimated to be on the order of
10" *cnt/ s. The enhanced diffuson of Asin vacuunr
annealing confirms that the As diffuson occurs via a
vacancy-trander mechanism™' .

5 FPAsapplication

The MBEgrown HgCdTe were incorporated

into FPA fabrications of different formats. Figure 7
shows examples of thermal images obtained from
our preliminary devices. Figure 7 (a) is a scanning
image obtained by a 256 x 1 LW linear FPA. The
device has a back illuminated n-orn-p mesa architec-
ture with a growrrin pn heterojunction ,intercon-
nected to S readout chips by indium bumps. Fig-
ures 7(b) and (c) are staring images of MW FPAs
of 128 x 128 and 256 x 256 ,respectively ,fabricated
with planner n* p junctions formed by using boron
implantation into a p-type HgCdTe epilayer grown
on GaAsand S.

Fig.7 Thermal images of preliminary FPA devicesof LW 256 x 1 scanning (a) , MW 128 x 128 (b) ,and MW 256

x 256 (c)

6 Conclusion

A study on MBE HgCdTe focusng on the
challenging issues for the 3rd generation of IRF
PAsisperformed ,including the growth of HgCdTe
on GaAsand S ,surface defects ,and p-type doping.

Improvementsin compositional reproducibility
were achieved. A yield of the cut-off control of
73 % was obtained when screened by a maximum
deviation of lessthan 0.21 m from the targets. The
HgCdTe epilayers showed good lateral uniformi-
ty. For a MW 75mm epilayer ,the deviation in cut-
off wavelength was within 0. 1 m at 80K ,satisfy-
ing the requirement for FPA fabrication.

A variety of surface defects were observed
and the formation mechanism was discussed. It
was found the optimal growth window was very
narrow for obtaining a good morphological sur-
face.By careful efforts in reducing substrate im-
perfections and controlling growth, an average
surface defect density of 300cm™? was obtained.

It was found that the SSC of As during

HgCdTe growth was very low and much more sen-
sitive to the growth temperature compared to that
of CdTe. The SSC was found to be only 1x10*
at 170 for HgCdTe. The ambient Hg played an
important role in the sitetransfer process during
the activation anneals. The activation energy of
Asin HgCdTe was determined to be 19. 5meV ,
which decreases as (Na - Nq)¥® with a slope of
3 1x10 °meV - cm . The diffusion coefficient of
Asin HgCdTe wasfound to be (1.0+0.9) x10 *
cm?/s,(8+3) x10 " and (1.5+0.9) x10 “cm?®/
s at annealing temperatures of 240,380,and 440
under Hgsaturated pressure,respectively.

The MBE grown materials were incorporated
into FPA fabrications of different formats. The
preliminary results have been presented.
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