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lead to good removal of implantation damage without causing changes in the
stoichiometry. These techniques, however, suffer from complexity and lack of
reproducibility. The new simple method for RTA of mercury containing crystals ,

Aﬁnealihd_by immersion in a Hot'ﬁﬁrchy_Qéth ( AMEBA) which we have developed

‘within the present project was found to be comparable to other more compVicated

techniques as for improving the electrical properties of HgCdTe as deduced from
Hall and differential Hall measurements.— The conductivity of as recrystallized
p type samples can be converted to n typg/aith a low carrier concentration and a
high mobility; The mobility of n-type/s;ﬁples can be increased following
immersion annealing in a hot Hg batﬁ:and 8 implants can be electrically

activated by this simple technique.:
b ot
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Hgl_XCdee (with x=0.2; 0.3), is presently the most widely used
semiconductor for the fabrication of infrared detectors. Its band gap can
be tailored to cover the two atmospheric windows for I[nfra Red radiation, 3-3

sm and 8<14 um respectively. -lhe doping of this-material -is, however,

- complicated by the fact that its electrical properties are determined by defects

and deviations from stoichiometry and not only by electrically active
impurities. For example, as grown HgCdTe is usually Hg vacancy rich and

therefore presents a high p type conductivity with low mobility.

lon implantation, a we)l established technique for controled doping of
semiconductors leads, when applied to HgCdTe, to the formation of an n*
layer which penetrates a few microns into the crystal and is attributed to
electrically active {mplantation induced damage [1-2). The fact that the
damage itself 1s n type, is utilized in most infrared devices fabricated in
Hgl.xCdee (x=0.2, 0.3) up to date. In these, however, the advantages of the
control of the junction depth and electrical profile which implantation doping
can offer, are clearly lost. Several successful attemos to anneal out the
radfation damage and to achieve real chemical doping in HgCdTe have been
reported in the last few years [3-6]. The difficulties encountered in the
annealing of MCT stem from the tendency of the material to lose Hg upon heating
which alters its stoictiometry and electrical properties. Hence the necessity
of performing the post implantation annealing either under an overpressure of Hg

or on encapsulated samples.
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In our proposal we have suggested to utilize rapid annealing techniques,
which have the advantages of heating the sample up to temperatures close to the
melting point for short times (a few seconds), as under such conditions
minimal stoichiometric changes may be expected. The first method for obtaining
rapid heating was by exposing the sample to short pulses from a CO2 laser. In a
serie of publications (7-9) we have shown that this annealing, when applied to
HgCdTe (x=0.3), removes the implantation damage and activates the implants
without causing changes in the stoichiometry. P/sn photodiodes were produced by
activation of P implants in HgCdTe x=0.29 annealed by a single 0.4 sec pulse
from a €O, laser. Our first objective was to perfect this technnique in order to
obtain, in a more reproduceable way p on n diodes in HgCdTe (x=0.3) and to
extend 1t to the narrower band gap HgCdTe (x=0.2) . The second technigue we have
proposed was to achieve Rapid Thermal Annealing (RTA) by subjecting the samples
to intense light in a flash lamp ( "HEATPULSE~) instrument. This technigue has
proven to be very efficient for the annealing of other compound materials for
which one of the components has a high vapor pressure (GaAs, InP,CdTe...).
Therefore, we have planned to adapt the R.T.A. techninue to Hgl_xCdee i.e. to
find the optimum experimental conditions (time, temperature, cap) to achieve
removal of implantation damage and activation of the dopants. The next section
describes the work carried out on 602 laser annealing and heatpulse annealing
and presents a new and very promissing annealing method : ~Annealing by
immersion in a hot MErcury BAth (AMEBA)~ developed by us in the course of the
present research, and which is an alternative RTA method particularly suitable

for the annealing of Hg containing crystals.




-’-

2. Results and discussions

2-1-D.mlmmsn&mun_m_wz_lumnnmm

In our previous studies of CO2 laser annealing of Hgl_xCdee(x=0.J). we have
encountered some difficulties in measuring the sample temperature and
maintaining a uniform temperature on the specimen surface. In the improved
arrangement a beam homsgenizer consisting of a simple rectangular cavity made
of four polished stainless steel plates was added to avoid ~hot spots” on the
sample surface during co, laser irradiation. The temperature uniformity was
also achieved by using indirect heating of the implanted surface by exposing a
quartz plate . in good contact with the sample, to the photons from the co,
laser. The quartz served both as an absorbing medium, a temperature diffuser
and a proximity cap for the specimen. Steady state temperatures could
be obtained by the simultaneous heating the sample by the laser and its cooling
by a jet of N2 gas. Because of the rareness of MCT samples we have performed the
experiments on InSb, an IR material which also tends to change stoichiometry
upon heating. In ref. [1¢] (see enclosed) , we have shown that good annealing of
ion implanted InSb can be achieved with this arrangement. The annealing
quality, as determined from RBS measurements, was comparable to that obtained by
furnace annealing. Auger electron spectroscopy was used to check whether the CO2
laser annealing has caused major changes in the near surface stoichiometry. The
results have shown that only the topmost 200A have been affected by the

annealing procedure.
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Nevertheless, this method suffers from two difficulties: 1) The
determination of the real sample surface temperature is problematic because it
depends or the thermal contact with the quartz plate. 2) The annealing
reproducibitity is hard to obtain because of inherent variation in laser
output.

2.2.Flash Lamp Rapid Thermal Annealing:

The *Heatpulse~ instrument available at the Technion for Rapid Thermal
processing was a multiuser system hence its contamination by Hg or other
volatile materials which may be evaporated during Rapid Thermal Annealing
Experiments was highly undesirable. In order to enable the enclosure of the
samples during processing. two boxes, fitting into the Heatpuise instrument,
have been constructed, one made of high purity graphite and the other of
quartz. Both have been tested on Si samples with thermocouples glued onto
them. The thermal response of the quartz box seems superior to that made of
graphite. The sample to be annealed was placed on a Si wafer onto which a
thermocouple had been glued. Because of the small heat capacity of the sample
arrangement, fast rice times of the sample temperature could be obtained.

Using the Heatpulse in the ~power mode~, good control of the sample temperature
in the required range of 300-400C could be obtained. We have shown that
Heatpulse annealing performed at 400C for 10s totaly removes the damage created

by implantation in InSb as seen by R.B.S. experiments [10].



These first annealing experiments carried ocut with a CO2 laser or with a
Heatpulse yielded some promissing preliminary rasults with regard to the removal
of fon implantation damage. However, these techniques suffer from a lack of
reproducibility and accuracy of the experimental conditions (time,
temperature) . The need to combine, in a single annealing technique, well
defined temperature and time and a Hg atmosphere has led us to the development
of a new. simple annealing technique which fulfils these requirements, Annealing
by immersion in a hot Mgrcury Bath (AMEBA), hence the deviation from the

original proposal.

2.3 Development of a new annealing method: Annealing by immersion in a hot Hg
Bath (AMEBA) .

2.3.1. e f AMEBA

We have developed a new simple annealing technique which doesn’t require
any encapsulation yet is perfarmed in 2 Hg rich atmosphere. Tnhe main
idea is to dip the sample to be annealed in a hot Hg bath in such a way that
it will experience the temperature of the l1iquid for the well known
immersion time, will be in a Hg rich atmosphere, yet not in contact with the
liquid itself. In a preliminary version, the sample was sandwitched
between two Si wafers and 1immersed in the bath, the temperature of
which was controlled by a thermocouple connected to a temperature
controller. It turned out, from Hal) effect measurements, that following

the inftial AMEBA, the sample showed strong n type conductivity.
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This phenomenon was found to be associated with a wetting of the sample
periphery by liquid Hg. To overcome this problem the sample,

sandwiched between the two Si platelets, was placed in a small box

(first made of graphite and finaly of stainless steel) the dimensions of
which fit tightly those of the Si platelets. The box was closed by a lid
with a fine thread which pressed gently on the whole assembly allowing

Hg vapor to penafrate-but preventing any direct wetting of the sample. This
simp1e' method permits annealings at well defined temperatures (below the
boiling point of Hg) and times (from a few seconds to a few hours) in a Hg

rich atmosphere.

.2, Performances of the AMEBA
2.3.2.1 Remova) of jon implantation induced damage

[on beam probing techniques, Rutherford backscattering
combined with channeling and Proton Induced x-rays emission, were
utilized to check the near surface c¢rystalline quality and
stoichiometry of fon implanted and immersion annealed Hgl.xCdee.
After a 30 s AMEBA at 260C, the reduction of the damage induced by
In implantation in Hg’_xCdee (x=0.23) was found to be comparable to
that obtain with classical thermal annealing in an ampoule. Under such

conditions no noticeable change in stoichiometry, as determined by



measuring the characteristic x-rays excited by low energy

was protons could be detected [1t-12] (see enclosed) .

2.3.2.2. Ipprovement of the electrical properties of as-qrown and
lon implanted HgCdTe.

We have investigated the AMEBA with regard to improving the
electrical properties of as-grown and fon implanted samples. Using
Hall and differential Hall measurements we have shown that this
technique is comparable to other, more complicated, annealing
techniques as for improving the electrical properties of Hgl_xCdee
(x=0.21) samples. As - recrystalized p type samples can be converted to

good n  type (u=10°cm?s!

, n=10'%em™) following AMEBA at 260°C
7oi son. This annealing, when performed at 250C for a few minutes
improves the mobility of undoped n type samples by as much as 50%.

Electrical activation of B implants in Hg, 79Cd Te can be

0.21
achieved following immersion for 8° in the Hg bath at 320C[!3.14]. (see

enclosed) .

2.4.Understanding the damage in Hg, ,Cd Te(Various x).

As we have pointed out in the introduction, the n type layer used in the 1
Hgl.xCdee (x=0.2, 0.3) infrared detectors is realized by ion implantation
induced damage, in which case the electrical properties are governed by the

damage rather than by impurity doping. Interestingly, the doping effects due to



the damage exterd much deeper into the crystal than the range of the implants
showing that the damage related donor states can not be directly associated with

sinple point defectc.

Recently, we have shown that Ar.Xe and In implantations in Hg,  Cd Te
fx-o.7. Eg=0,9eV wﬁich is suit;51e.Fof opfiéai=f}bér Eoﬁmﬁﬁiciiioh-at. .
l.ipm) have tufned the material hfgﬁly resistivé[lsl. The_study-of the naiﬁre
of implantation induced damage in Hg,.,Cd,Te for various x and for Ir and B ions
s of 1m§or'~nce because of the use made of the damage as a.dop{ng mechanism. ft
is howaver also of basic interest due to the changes that the material undergoes
with x (bond strengh, bond length, ionicity..). For this, the'bui!d-up of damage
induced by In or B implantations into Hgl_xCdee for various x (x=0, x=0.2%,
X=0.4, x=0.7, x=1) was measured by means of Channeling Rutherfored '
backscattering spectroscopy (RBS). It was found th;t for room
tapperature implantaticn the damage was aiways in the form of extended defects.
Damage profiles were extracted using a model based on Quere’s dechanneling
treatment. Despite the large difference in bond nature and related physical
properties between the different compositions, the gene al trend fn damage
formation wzs found to be similar for all x values studied, though displaced by
up to two orders of magnitude in dose, HyTe damaging much easer than CdTe [13]

( see enclosed) .

The transition upon heating from point defects, frozen-in for ow
temperature implantation in Hgi_xCdea (xn0.24) , to extended defects has

been monftored through ion-channeling experiments in the temperature range




100-360K. It was found that defects formed by the agglomeration of frozen-in
point defects are confined to a depth which roughly corresponds to the implant
range:. in constrast to defects. directly creatad by room temparature implantation

which axtend much deeper into the crystals [17] (see enclosed).
R T e imEnt € an . _ _ 1 3 R L ol
A ; 2.5.Exngzjmgnggfgg_ﬂglfxCdxfe“93113343*_151gr§.. SRR R ST T s

Recently, we have received from Or.J. Dinan of the Night Vision and
Electro-optic Army_Labs at Fort Belvoir a few electrically
uncharacterized Hgl_xCdee (x=0.29) epilayers grown by the close-spaced
Vapor Phase Epitaxy technique. The Hall effect characterization, following a
slight etch, showed that some of the samples could not be measured, probably due
to the presence of n type islands scattered in the p type layer. lhe measureable
samples( sample# 120384) which presented good p type conductivity (P.”k
10'6em? and B, =420 em®v 's™Y) | where used to check the feasability of the

=1.6

AMEBA on epilayers. Electrical activation of B implants was achieved following
AMEBA performed under conditions identical to those used for bulk HgCdYe (3s52C,
8’), as seen by Hall effect measurements. The possibility that the observed
behaviour is not due to electrical activity of B implants but is related to the
| implantation damage or to the immersion procedure was eliminated by performing
the same annealing on Ne- implanted and non implanted samples (see results in

table 1).




o
bt

. defect -removal -and -electrical--activation_are obtained by immersion of the

Conclysion

Short time annealing of implanted HgCdTe (x=0.2, 0.3) was shown to
electrically activateBimplants in p-type material. Particularly promising is
the novel annealing technique developed within the present research in whick
implanted ;imbig in a hot mercury bath_(hﬁEBA)._ This technique, which is ._ o

extremely simple and inexpensive ., consistently activated B implants und

improved the n-type properties of both n and p (vacancy/grown material. It would

be most desirable to continue the studies on the AMEBA technique and its
implementation in achieving also p-type conductivities and IR sensitive PV

devicés in ion implanted and annealed HgCdTe.
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Iable |
Electrical properties of B and Ne implanted and AMEBA treated

measured at (B=2000G, LNi temperature)

ept layers

Type carrrier concentration mobility
e fcq" [Thickness] - - N
As etched P 1.5x10'8 - . - 420
(134]
8 fmplanted n ixto'® 5370
10 %em”%; 200kev (1)
Ne implanted n ixto'® 3100
3x10'3em™ 2 320keV [1s])
B annealed n sxio!? 22000
104, 325C (1u)
Ne annealed indetermined
10’ 325C
Ne annealed p axto'’ 112
20 325C (134)
non implanted n 2.4 10'7 1200
annealed 20’,325C {1u)
non implanted annealed [ 1xlo'6 200
20°, 325C etched -1, [125)
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Elecfrlcal activation of B Implants In Hg, 7, Cd, ., Te by immersion annealing in

a hot Hg bath
C. Uzan-Saguy and R. Kalish

Department of Physics and Solid State Institute, Technion-Israel Institute of Technology.

Haifa 32 000, Israel

(Received 19 April 1989; accepted for publication 5 July 1989)

Electrical activation of B implants in Hg,, ,, Cd,,, Te was achieved following annealing by
immersion in a hot Hg bath at 320 °C for 8 min. Annealing of the implantation damage and
partial electrical activation was obtained after such treatment as deduced from Rutherford
backscattering combined with channeling and differential Hall measurements. The possibility
that the observed behavior is not due to electrical activity of the B implants but is related to the
implantation damage or to the immersion procedure was eliminated by control experiments on

Ne-implanted and on nonimplanted samples.

The removal of implantation-related damage in
Hg, . ,Cd, Te and the electrical activation of the implants
are complicated in this delicate material by the tendency of
the damage to form relatively stable complexes, and by the
case of formation of stoichiometric defects. The damage it-
self is known to be 1 type, a fact which is being utilized in
most infrared devices fabricated in HgCdTe up to date,
which are based on n(damage)-on-p structures. Neverthe-
less, several successful attempts to achieve real chemical
doping in HgCdTe have been reported over the last few
years.'”’ In these, post-implantation annealing was per-
formed at different times and temperatures in either a satu-
rated Hg overpressure or on encapsulated samples. Recently
we have reported® on a new, extremely simple, annealing
procedure which does not require encapsulation, is carried
out in a Hg-rich atmosphere, and enables very good control
on the annealing temperature and time. In this technique,
jon-implanted HgCdTe is sandwiched between two flat
clean surfaces (i.c., Si) and is immersed for a given time ina
liquid-mercury bath held at the required temperature. By
employing ion beam probing techniques { Rutherford back-
scattering spectrometry (RBS) and proton-induced x-ray
emission (PIXE)] we have shown® that good near-surface
crystal quality (i.e., damage removal) and stoichiometry
(i.e., no Hg loss) could be achieved by this immersion an-
nealing technique. In the present work we report on success-
ful electrical activation of B implants in HgCdTe obtained
by the above annealing method.

The experimental setup described in Ref. 8 was substan-
tially improved; the major change being that the sample is
now placed in a small stainless-steel box, the dimensions of
which fit tightly those of the two Si proximity caps. A lid
with a fine thread enables closing the box while gently press-
ing down on the assembly in a way which prevents any wet-
ting of the sample but allows the penetration of Hg vapor
when immersed in the liquid. The whole assembly is placed
inside a well-vented hood. Four different experiments were
carried out in order to eliminate any possible spurious cffects
which may be related to the implantation-induced damage
or to the immersion procedure:

(1) A p-type Hg, 14Cdg 4, Te single crystal oriented in
the {111) direction has been implanted at room {emperature
with 200 keV boron lons to a dose of 1 X 10" cm =2, keeping

1091 Appl. Phys, Lait, 88 (11), 11 September 1960 0003-6081/69/371001-03$01.00

the beam current below 30 nA/cm? to avoid sample heating
during implantation. The implanted sample has been im-
mersion anncaled for 8 min at 320 °C. RBS channcling ex-
periments, using 320 keV protons, were employed to assess
the implantation damage and its removal by the annealing
procedure. Figure 1 shows the RBS spectra obtained for the
sample at its unimplanted, implanted, and annealed stages.
A random spectrum taken under nonchanneling conditions
is also showr 1t is evident from the figure that within the
sensitivity "imit of the channeling technique, the annealing
has effectively removed all implantation-related damage as
the annealed channeling spectrum coincides with that of the
virgin crystal. The present immersion annealing technique

‘can also lead to substantial improvements of both crystallo-

graphic and electric properties of as-grown Hg, ;,Cd, 5, Te;
however, this work will be reported elsewhere.’

(ii) One-half of a p-type As-doped Hg, ;, Cd, 5, Te sam-
ple has been B implanted and immersion annealed under
conditions identical to those of (i) above. The electrical
properties of the unimplanted, implanted, and annealed
sample have been determined from van der Pauw Hall mea-
surements at 77 K in a magnetic field of 2 kG. The results are
given in Table 1. As is evident from the table, the annealing
has reduced the donor carrier concentration by a factor of

Energy (Mev) )
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FIG. 1., Channeling Rutherford backscaitering spectra obtained in
g 1 Celyy) Te with 320 keV protons showing the virgin, B-implanted, and
Immersion-annéaled apeciea. A random apectrum is also displayed.
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1 ' B/Neimpisated sampies before and Mfier immenion dnnesling
{320°C, 1'). (11} Viegin sample before and after immersion anneating
o).

_TAULE |, Mobifity and carrier concsnty#1ion abdslned for g, n Oy 1€ 7

impl. Anscal Cond. Mobility Carvien
Symple  jon  J0CE  ype (em'V ' ') conc (em )
1 0 P 600 6x 10"
! 8 »o n 3000 1x 10"
1 Ne no n o0 ixl0"
I ) yes a 280000 Ix 10"
1 Ne yes r 0 2x 10"
1] o ? 50 110"
" yu » 200 ax o
¢ Dedooed for a thickaces of ! ym.

* This mobillry was mestured s a depth of 1.2 um. Prior to sny etching the
messored mobifity was 000 em’ v 'y !

sbout 20, while increasing the mobility by sbout an order of
magnitude (to 28000.cm® V' s~'), indicating that some
chemical doping was achieved by the thermal treatnient.

" Differential Hall messurements, performed by controlled

elching of the sample in a calibrated dilule bromine in
methanol solution, have shown that the carrier voncentra-
tion peaks at a depth of 5000 A, the junction being located
about 1.5 gm below the surface (see Fig. 2).

(iii) The second haif of the same waler as used for the B
implantation of (i) above has been implanted with 320 keV
Neions (o a dose of 3% 10"’ em ~*. The dose and energy for
this implantation have been chosen such'® that the amount
of damage and its profile coincide with those catised by the D

Ly T T T

@ » lype pactypoms

ool Ve
) 1 ? 3
Depin ()
FIG. . Ekciricsl conductivily profife ss dedoced from differentiat Hall

messurcments on W, o Cd..,, Te implanied with B (10" cm  *, 200 keV)

and immecson annesled for 8 81 320 °C. The calculsted profile for this case
is shown for comparion

about 1000 A, in sharp contrast to the strong and deeply
extending n-type behavior found for the B-implanted and

implentation. The Ne-impiznted ple has been Jed
together with the B-implanted one, both having been placed
side by side in the anncaling “box™ that was immersed in the
hot Hg bath. The resulis of Hall measuremeints following the
implantstion and annealing of the Ne-implanted sample are
alsn given in the table. The marked difference between the B-
and Ne-imphanted and annealed samples is evident: while as
a result of the implantation, both B snd Ne sumples enhibit-
ed idemical n-type conductivities attributed to radistion
damage, their electrical properties were drastically different
following the annealing. The Ne (a aondopant noble gas)
implanted sample has returned p type with a very poor mo-
bility while its B (8 donor) implanted “twin" sample exhib-
ited a clear n-type conductivity with a rather high mobility.
The poor hole mobility and high carrier concentration mea-
sured for the Ne-implanted snd led ple may be
indicative of mixed conduction, poussibly caused by donor
activity due lo some residusl noncompletely annealed dam-
age.

(iv) A sample cut from ihe same ingol as used for the
previous studies hss heen eaposed. without any implanta-
tion, (0 an ientical immersion annealing procedure and its
electrical propesties have been measured (sce Table 1, sam-
ple 11). In contrast (o the implanied samples, this virgin
sample has remaincd p 1ypc alter annealing with a somewhat
reduced mobility, indicative for mixed conduction, possibly
due Lo a thin n-type layer formed on the crystal surface.
Indeed, careful diffesential Hall messurements have shown
that bulk properties were rescheo already after etching of

1092 Appi. Phys. Leit, vol. 88, No. 11, 11 Sepiember 1989

led sample.

We have conclunively demonsirated that the newly de-
veloped immersion annealing technique yields n-type con-
duclivities which must be directly related to B implants in
HgCdTe This was verified by carrying out control experi-
ments on identically annealed samples which were cither
nondamaged or purely damaged by the implantation of non-
dopant ions. Theae, when annealed, have shown electnical
propecties markedly different from those found far the B-
implanted sample. The depth profile found for the donor
activity in the case of B implantation is decper than the ex-
pected implant prof'e deduced from range caiculations'’
(see TRIM profile in Fig. 2). Since it is known from second-
ary-ion mass spectroscopy measurements'’'? that B docs
not substantially diffuse in 11gCdTe at the temperatures and
times relevant (o the present experiment, we find support in
the present n-(ype profile 1o the explanation offered by Bu-
bulac'® that deep donor activitics can be attributed to boron-
related complexes and possibly (o a channeling tail, which
estends deeper inlo the crystsl than the calculated ) profile.

‘The authors would like to thank Dr. R. Fastow for !:zIp
and discussions and Dr. Richter for assistance in the lon
implantation and Rutherford backscatleiing experiments.
This research was suppotted in part by the U.S. Army con-
tract No. DAJA45-86-C-0011.
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ELECTRICAL PROPMERTIES OF Hg,_,Cé,Te (x = 0.21) ANNEALED BY IMMERSION

IN A HOT MERCURY BATH

C. UZAN-SAGUY, D. LASER *, and R. KALISH
of Technolegy, Hoifs 32000, Israel

Sold Stete I Technion-Isrect 1

Anneating of Mg, _ Cd T¢ (z o o 1) hy Immetsion in 8 hot 11g hath has bieen invevigated with uuvd In the electrics! propertics
The

of as-grown sad on hmy

hod was Jound 1o be compaiahle by other e T ating techniijues

for improving the clu:ulnl pmpmln of HgCdTe deduced fiom 1M and differential Hall elfect measvrements. M recrystallired
p-type samples can be converied to good n.type following immersion for 30 hin the Mg bath a1 260 °C. This ennealing. when
petfotmed al 230 ° C for just s few minutes, improves the mobility of undoped n%pt samples up to 30%. Electrical sctivation of B
implants in Hgg »yCdy, Te cun be schitved following immersion for B min In the Hg ot 320°C.

1. Enireduction

The narrow band gap semiconductos Ig, _,

Cd,Te with the composition x = 0.2 is, up to date,
the most widely used malterial for the {abrication
of inlrared detectors nclive at about 10 pm. The
dopm; of Lhis semiconductor is complicated by
the' fact that s electrical properties are de-
termined by defec.s and deviations from
stoichionietry and not only by elecirically active
impurities. Hg vacancies are active acceptors, while
I1g interstitlals are belleved to be donors. As-grown
11gCdle crysials grown by the solid state recrys-
tallization method are usually Hg vacancy rich
and therefore present high p-lype conductivities
with poor mobility. Jon implantation damsged
11gCdTe aiways exhibits n* conductivily with low
mobility {1-3}. In both cases, whether as-grown or
ion implanted, thermal trestment of IgCdTe is
often needed. This, however, must be done under
such conditions that avold Hg loss and sometimes
even allow indiffusion of Hg. Posi-growth anneal-
ing under Hg low pressure is known (o improve
the mobility and reduce the acceptor concentra-
lion, while, If perforined under tHg overpressure,
the annesling turns the material n-1ype with high
mobility (4). Post-lmplantation annealing is usu-

® 8CD. P.O. Box 2250, Hails, Ixsel.

ally done either under tig pressure or on encapsu-
lated samples to avoid Hg loss. Both these meth-
ods are complicated since they require capping
(i.e. sputter deposition of ZaS or of SiO, or growth
Hg native oxide) or annealing under special en-
vironmental conditions in closed ampoules (under
excess Hg or noble gas pressure). Recenlly, we
reported |5} on a new, very simple snnealing tech-
nique, which does nol require any encapsulation
or smpoules, yet is carried out in & Hg rich
stmosphere. In this technique, the sample,
mounted in a speciai arrangement, is immersed for
s given lime in a hot g bath at the required
temperature. In a previous publication [5). we
have shown by employing lon beam probing tech-
niques (Rutherford backscattering (RBS) and pro-
1on induced X-ray emission (PIXE)) that good
near-surface crysis) quality (i.c. damage removal)
and stoichiometry (i.e. no Hg loss) could be
nchieved by this immersion annealing technique.
In the present work we report on the elfectiveness
of the Hg bath immersion annesling with regard
10 the electrical properties of as-grown and ion
implanied HgCdTe samples. We demonsirste by
using §1all effect messurements that this method is
comparable (o other anneaiing methods as for
improving the elecirical properties of as-grown
p-type and n-type HgCdTe. Moreover, successful
electrical activation of B implants in HgCdTe Is

0022-0248,/89/303.50 © E!sevier Science Publishets B.V. '

(North-Holland Physics Publishing Division)

REQUEST

Author, plesse Indicale
@ printer's ervors in BLUE
@ authot's changes in RED

R N B LR PR A N R

tove on O-UT Govmpoumds
Cemittencut boes

R ST G PN

e v ——g— et

| .




e St A et
kY
s .

AN . e

AP

: x lid
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obtained by post-)mplantation immersion anneal-
ing [6].

2. Experimental

The following Hg;_,Cd, Te crystals with the
composilion x=0.21 grown by the solid state
recrystallization method were used: (i) as-reerys-
tallized p-type semples (1, (77 K) =150 «m? V-!
s~! and p(77 K) = 10"cm'}; (ii) n-type samples
obtained after prolonged annealing in Hg vapor
(closed ampoules at T= 260°C for =1 month,
B (77 K)= 70,000 cm? V=! ¢=!, n(77 K)= 4 x
10" em™>): (iii) doped p-type samples {n,(77
K)=600cm! V=15, p(77K) =6 X 10" cm™?,.
All samples were (111) single crysials; they were
mirror-polished and eiched in a solution of
bromine in methanol followed by rinsing in pure
methanol. The annealing apparatus, placed in a
well-vented hood, is composed of a standard pyrex

. Mask filed with pure Hg, the temperature of which

is measured by a thermocouple embedded in a
quartz tube (fig. 1). The annesling temperature is
maintained at the desired temperature by a simple
temperature controller. The sample to be immer-
sion snnealed is sandwiched between two clean Si
wafers bnd the whole assembly is placed in a small
stainless-steel box, the dimensions of which fit
" tightly to those of the two i caps. A_!!g_ with a fine

Fig. 1. Appaenton for the immersion snneafing of g, . ,Cd,Te
n s bt Hig heth Ineers chone ample arrengement in The
Halnlens-etoe] hoe.

thread unables closing the box while gently
pressing on the assembly in a wayAprevents any

which X

welting of the samples but allows the penetration .

of Hg vapor. The volume above the mercury
surface is filled with argon (o avoid Hg oxidation.
The samples were immersed in the hot Hg bath
for times ranging between £ ‘min and 50 h at
temperatures varying between 200 and 356°C
(boiling point of Hg). The near surface crystallin-
ity was evaluaied by Rutherford backscattering
(RBS) combined with channeling in the (111)
direction using 320 keV protons. The electrical
properiies of the samples were delermined by Hall
cffect and ifferential Hall effects measurements
at 77 K uging the Van der Pauw geometry, in a
magnetic lielc of 2 or 6 kG.

3. Results

3.1, Type conversions of as-recrystallized p-type
Hgy 5Cdg 5 Te

Conversion of as-recrystallized p-type samples
to n-type was petformed by immersion annealing
for increasing limes at 260°C. This temperature
was chosen at it is the temperature conventionally
used whern annealing is carried out in a sealed
quartz ampoule with excess g [7]). Figs. 2a and
2b show the changes in carrier coacentration and
mobility as a function of immersion time. In the
preliminary anncalings (samples 1 and 2), the
duration of the immersion was progressively in-
creased to follow the improvement of the electrical
characteristics (solicd lines and dashed lines). Re-
penting thia process 1oo many times was found,
however, to deteriorate the snmple surface quality,
and thus lty electrienl properties. The rise In ap-
parent p=lype carrier concentration and the reduc-
tion 1y mobilliy measured al n magnetic field of 6
kQ in sampldf 1 (solld line, open circles) prior to
type conversion Is indicative of the buildup of a
thin n-type [ayer on the surlace. Following non-in-
terrupted 30 h immeralon in the hot Hg, the donor
concentration reached 4 X 10" em=* and a mobil-
ity of 10% em? V=" a=! at 2 kQ (sample 3, solid
dashed lines), ‘The results were found to depend
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_Evolution of point to extended defects in low-temperature implanted
-Hgo;6Cdo 2, Te

V. Richter and R. Kalish
Solid State Institute, Technion-Isracl Institute of Technology. Haifa 32 OX). Isracl

(Received 24 October 1989; accepled 15 January 1990)

-

The Irnnsition from point defects, frozengn at low-temiperature ion implanted Hg, ,Cd,le
(x = 0.24) 10 extended defects has beet monitored through jon chgnneling experiments in the
temperaiure range 190-360 K. 11 is found that the transition exhibilytime nnd temperature
dependencics chasacteristic for diffusion processes with exceptionally low parameters. The
extended defecis formied by the apglomeration of frozen-in point defects are found to roughly
correspond in depth to the implant range, in contrast to defeets ditcctly created hy roomn-
1empernture implantation which extend much deeper into the erystal
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MR CURETIC lods) ARALIVG DHRATION Imin)
Fig. 2. Cassice concentration {2) and Hall mobility (b) of ss-recrysiallized p-type 11g4 59 Cdg 5 Te ssmples immersion snnesled in the
Iig bath st 260° C a3 function of ling duration, p-type conductivity is represented by open symbols, while the lull symbols
correspond 10 nype conductivit>. Lhe clicles (8/0) snd the tiiangles (/) indicating 11all me in a megnetic field of

6000 LG or 2000 kG, respectively. Gample 1 (solid lines) and 2 (dashed fines) were sancaled step by step up to 30 h while sample 3
(dashed solid lines) was snncaled for S0 h in 8 simple siep.

T 1 T L T
. T T L) 1 T
ik ANNEALING TIME : imin ANNEALING TEMP: 250°C
B8+ 80000 -
10- ~ =
= n Jd
-
K b2
= N
~ o R Fo
) H i
L 1
14
2 s 20000 -
2 A 60000
0 1 1 1 ) 1
, 3 0 18 20 28 30
1 1 L1 i fime {mi
AT 100 200 300 ¢ (min)
TC) Fig. 4. ilsit mobility of n.type Hg,y,9Cdy 5 Te samples immer-
sion annesled in a hot Hg bath a1 250° C as 8 function of lime.
Fig. 3. sl mobility of n-type 11gg 14Cdg, Te samples immer- The solid snd dashed lines show the mobility obisined in a
sion snnealed in 3 hot Hg bath for | min as s funciion of magnelic field of 2 and 6 kU, respectively.
tempersiure.
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strongly on the vatue of the magnetic field, possi-
bly due to mixed conductivity [8).

3.2. Improvement of n-type lig, 34Cdy 4, Te

Several n-lype Hgg1Cdya Te samples, an.
nealed in the conventional way {under Hg pres-
sure in an ampoule), could be improved by the
present immersion sonealing method. The im-
provements of mobility as a function of annesling
temperatures. for-a fixed time of 1 min and as a
function of annealing times (or a fixed tempera-
ture of 250°C are shown in figs. 3 and 4. As con
be seen in fig. 3, the mobility improves with
increasing (emperature up to 250°C, beycnd
which it starts to deteriorste. Fig. 4 shows that
heating at 250° C for times up (o 15 min improves
the mobility, bul further heating damages the
crystal. Under optimal conditions (250°C for 1
min), an improvement in the mobility ol nearly
$0% (70,000 to 100,000 em® V-' ¢~') was ob-
tained; this increase in mobilily was sccompanied
by a similar decrease in carrier concenlration.
Indeed, ion channeling measurements have shown
that tle crystallinily of the above samples exposed
to Hg immersion treavment has been improved.
Fig. 5 shows that annealing at 250°C for 4 min
reduces the dec..anneling of the virgin spectrum

Enars, tnev)

1e00 O'IO O%l’ 0'19 9;_5 0'30 0.3
. Hiam Clam To

1200} 4

1000} p

s hE
o0l Yegh ovanied =iy 4
< P,
L
° Y
100 150 300 100 %00
Chaare!

Fig. 5. Rutherford backscstiering channeling spectrs of 320

keV protons in the (111) ditection, of virgin Hg,,,Cd,,y Te,

prior 10 snnealing (virgin) and [ollowing imumersion for 4 1nin
01 250 ° C in a hot lig (virgin and annedled).

Tohle t

Mobility and cardies concentration obtained for gy ,4Cdy g
Te: () B/Ne implanted samples belore axd 2ltey immersion
annealing (320° C. 8 min); (11) virgin sample before and atter
immersion snnealing (320°C, 8 min)

Sample Im Annesl Conduc Mobility  Caerier
planted 320°C, tivity  (em’ V™) concen
lon Bmin  type 37! tration

tem™?)

] - No p 600  6xlo

] B No n 000 Deagte

1 Ne No n 00 2x10e

1 (] Yes n w000 ™ tx10"®

' Ne Yes r 10 1x10'

1] - No " 450 tx 0"

1 - Yes P 200 ex10'

;;‘()cduced for & thickaess of | pm.
* This mobility was n.easured at 8 depth of 12 pm. Prior to
any eiching the measuted mobility was 20,000 cm? v~ ' g~ ",

=g /= T T

119515 Cdg 4, Te

B8’ laplontolion

10" cm?_ 200kev
Anneoling 320 C .8 .
@) 1M reliig

(1) Coreler tonc &l Mo
3} p 1ype bockgrovnd

3
)
T
L

Catrar conceniranon {am-3)

107}~

ol — -1 7,_1___4._\‘ do _l_____;__.J
o}
Depth (u)
Fig 6. Flecurical conductivity profile #9 deduced from differen-
tis] Msll messurements on Hggy4Cdoy Te implanted with B
(10" ¢cm~?; 320 keV) and immetsion snnesting for 8 min a1
320°C. The calculaied profile of ss-implanted B is shown for
companson.
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indicating that sone defects have been jemoved
by the fusther immersion annealing

3.3 Electrical activation of B implanied Hg, o
Cdy 5 Te

‘Two halves of & p-1ype doped il ,Cdpy Te
wafer (sample [) have been implanted at 100m
temperature, one-with 200 keV B 10 a dose of 10"
em™? and the other with 320 keV Ne 10 a dose of
3% 10" cm=2 The dose and energy for the Ne
implantalion hsve been chosen such that the
amount of damage and its profile coincide with
those caused by the B implantation. The two
implanted samples have been immersion anncaled
for 8 min at 320°C, together with a control sam.
ple, cut from the same ingol (sample 11), which
has not been implanted. The electrical properties
of the unimp!anied, implanted and anncaled sam-
ples have been determined from Hall measure-
mients in a magnetic field of 2 kG. While prior to
\he annealing, the B and Ne samples exhibit iden-
tical n-type conductivities, attributed to radiation
damage, their properties are drastically different
following the annealing. As shown in (nble 1, the
denor carrier concentration of the B implanted
and’ annealed sample has been sirongly seduced
while ils mobilily hea been increased by one order
of magnitude. The Ne implanted xample, on the
other hand, has returned p-type as a result of the
immersion annealing. The poor mobility and high
carrier concenuzation exhibited by this sample inay
be indicative of mixed conductivity, possibly
caused by donor activily due to some residual not
completely annealed damage. In contrast to the
implanted samples, the annealed virgin sample has
remained p-lype showing that no significant in-
diffusion of g has hsppencd during the anneal-
ing process.

Ditferential Hall measurements performed on
the B implanted and annealed sample have shown
that the carrier conceniration peaks at a depth of
5000 A, the junction being located sbout 1.5 pm
below the surface. As seen in fig. 6, *ve electrical
profile is deeper than the implant profile deduced
from range calculations. Since it is known that B
docs nol subsiantially diffuse in 1§gCdTe at terr-
peratures and times relevant (o the present experi-

T B L S T N R R e e R T P, oo

‘ment [9.10), we concluded that the deep donor

aclivities can be at'ributed to B related complenes
and possibly to a chan:eling tail which extend
deeper into the crystal than the calculated B pro-
fite [11].

4. Conclinsbon

We have shown that the newly developed im-
mersion Runcaling technique is comparable (o
othcr nnncaling inethods as for linproving the
electsical properties of HgCd'Fe. The near surface
conduclivity of as-recrystallized p-type samples
can be converted by this method (o n-type with 8
low carrier concentration and a high mobility. The
mobility of n-1ype samples can be increased fol-
Jowing imimersion annealing in a hot Hg bath and
boron implants can be electrically activated by
this simple anneating technique.
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low  fmplantation  indoced dwmape e Jowey
e, | Cd, Ve ds of techwologieal impertanee sinee the dan-
ape in that materinl is an electrieally netive donory o facl
which is ntilized in the weadization of infraved detectors in
My, Cily s Te by producing a(damige )-on-p devices by ion
implantation, The understonding of the aature and thermal
stahilinn of this dimape is therefore of greal technological
importance nnd of much scientitic interest. Previons studies!
on hew HpCd Fe damages by coom-temperature jon implan-
tation have shown that only extended defeets, most likely
dislocations, are present in the implanted material and (hat
the damage, when induced by heavy ions, reaches depths
which much exceed the projected range of the implants,
Computer simulations of the damage cascades in HpCd'Te,
which de not take into account defeet dilfusion and agglo-
meration. obviously predict only the presence of point de-
lects with aclistribution which roughly coincides with that of
the imphmt, The transition from frozen-in point delects to
extended defeets, which eertainly takes pliee at some -
neadivg stage and which must be associnted with the diffu-
sion of point defeets in 11pCe Ve tmost dikely 11p eacaneies
and intergstitiale) has never been observed, In the present
work we report on the observation of this transition and de-
dhuce the diffusion parameters which can be associated with
it. Furthermore. we find that the profile of the extended de-
Teets eaused by low-temperature implantations followed by
annealing 1o room temperature is substantially shallower
than that abserved for room-temperature implantations: :
tact whichmay be ofimportance in the realization of shallow
ntdamuige )-on-p photodiodes.

Rutherford hackseattering (RBSY channcling measure-
ments carricd out at different temperatures on fow-tem-
perature implanted HaCdTe are used in the present work (o
leatn about the depth sad the nature of the damage in im-
planted and gradually anncaled samples. The erystals nsed
were (LD -oriented g, (Cd e (v = 0.24). They were
monunted on a triple-axis goniometer with provision to cool
and heat the specimen between 100 and 400 K, Tndium ions
wete implanted into condomly oriented crystals held at 180
K atan energy of 320 keV toadose of 2 10" em 7, Such
an implantation is sullicient to create o substatial nomber
ol estended defeets in that material when performed at room
temperatne.’ RBS elenneling measurements with 3201keV
profons were carsied ont on the cold sample iimmediately
foltowing the implantation |see Fig. Tea) [. Different experi-
mients were carricd out (o study the transformations: that
these defects undergo with tempernture, (i) A cold implant-
vl samsple was allowed 1o warm (o room femperalure nf o
ronghls constant rate of about | K/minand RBS channeling
speetry were taken nt different times during the warm-up
period. Representative speeten are shown in Fig. 1(h) nml
2eer, (it The snmgde was further eated (o 3600 K aind was
Kept at this temperstare for S I [ Fig, 1(d) ], ity Snmples
implanted nt 100 K swere heated (o 167, 197, and 218 K o
which tempeentures they were kept and RDS channeling
spectra were tken ot different times observing the isother.
el esodution of the defeets. The following observations me
disectls esident (Fig. 1)z Following the implamiation al (0
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< {apevtrum of Fig. 1(a)] the channeling ROS apecirum
caches the random level, mdicating that the material has
‘umned amorphous to a der -h of about 1000 A which coin-
ides well with the calculated range’ of the ln implants in
18Cdnyu Te (R, = 700 A, AR, = 300 A). The mea-
ured y,.. = 82% value ‘i, the ratio between the chan-
icled and the random spectra) just behind the damage peak
an be fully accounted fur by the dechanneling caused by the
morphous layer.! Upon the warming up of the sample a
- hrinkage of the damage pesk without substantlal reduction
* i peak height can be noticed. Interestingly, the narrowing of
‘lie damage peak is not led by & reduction In o
" ehind the dsmage pesk, a3 would be expected il its origin
vas only In the amorplious Isyer. Her.ce other new defects
«hich give tise 1o this dechanneling musl have been formed
Turing the shrinkage of the point-defect-tich region. This is
et pronouniced in the spectrum of Fig. 1(c) (24 K). in
~hich no damage peak can b= seen any more, yel the dechan-
cling level remains unchanged. Further heating (7 = 360
1 [Fig. 1(d)] partially transforms the RBS channeling
pectrum to that commonly observed for RT imphinted
1pCdle [Fig. l(e)], exhibiting a 1ise in dechanneling
hich becomes more gradual st s well-defined depth. it has
censhown' that such s spectrum is typical for a layer rich in
tended defects, and that the energy in the backscatiered
pectrum at which the break (knee) occurs roughly corre-
nonds to the thickness of the damaged layer. The depth of
“1e kuee in the present caperiment, in which the sample has
<cen implanted st 8 low lemperature and has Inter been al-
iwed to warm up, is substantislly shallower than that ob.
v ed after identical soom-tempersture implaniations (Fig.
‘re)l.

Quanlitative information on the shrinkage of the dam-
cc peak Az ot diffecent temperatures or limes was deduced
ont the RIS spectea by fitting the relevant ports (0 4° or 6°

olynomials. This enabled thie analytical detesmination of
ie iflection points in the spectra thus offering a systemaiic
ensure for the changes in dsmage peak width. Three differ-
W numdes of exsentially the same snalysis (diTerent degrees
‘T the polynominl and different programs) have been eni-
luyed ylelding soughly the same results. The shrinknge Az
“duced in that way for the case of the isothermal annealing
191 K is plotied against J1 (1being the annebling time) in
1g. 1. The three sets of points are the sesult of the difTerent
wdes of analyate; thelr scaiter is an indication for their un-
Stainty. A straight line can reasonably well be fitted
nough the points yielding 8 diffusion coefMcient D(191

Y= (L1 0.0 % 10" “ emi/s.

Lhe doia taken 81 167 and 218 K were analyzed in 8

‘wilar way yhelding diffusion coeflicients D(167 K)
(02£0.0x10" Zem's  and D28 0X)
(94 2)x10 * cm'/a. An Aschenlus plot of thesc

data is shown in  Fig. 3 ylelding D= (4.2
x 10" "")exp| — (0.25 + 0.03)/kT).

T he analysis of the second kind of experiment, in which
the shrinkage of the damage peak has been observed during
the nonisothermal warming up of the sample, is less straight-
forward, hence no accurate values for the diffusion param-
elers were deduced. Nevertheless, # rough analysis shows
that these data olso support a very low actlvation energy (K,

=0:12.eV) _and "s . small .- pre-exponeniial - factor -

(Do = 8x 10~ " cm'/s).

. The transformation from point to extended defects in
implantstion-damaged 1gCdTe observed here at fow tem-
peraiures should be related 1o some species, possibly Hg in-
terstitials,’ difusing in *he disordered crystal to agglonierate
and form extended defects, most likely dislocstion toops. Ir -
deed the resulls exhibit tinse and lemperature dependencies
characteristic for diffusion processes, the diffusion param-
eters extracted from the present resulis are, however, abnor-
mally low. The diffusion in cr  alline 11-VI maierials have
recently been reviewed by Shaw,* who has also complled a
large number of experimental data for self and Impurity dif-
fusionin HgCdTe (x = 0.2). Despite th.e large discrepancies
which exist between results reporied by different groups
Shiow shows that most data follow a linear relationship given
by In D, = 150, - 23.7.

S i present resulis may actuslly not be comparable
with dats on diffusion in 11xCdTe since the latter deal with »
dilfesent temperature regime (usually 400-700 K ) and are
for diffusion in nondamaged crystals. Nevertheless, the val-
ues for D, and E, found here fit Shaw’s relationship rather
well. The fact thai the sctivatic.: energy determined here is
substantially lower than thst measured by others (0.5
eV<E, <1.5 eV) is nol surprising since the diffusion of the
point defects of the present experiment is in a damaged, va-
cancy-rich crystal. Furthermore, the diffusion of atoms to
extended defects already existing in tlie crysial to enable
their further growth may be driven by stcain flelds, which
will also result in s apparent lowering of the aclivation en-
ergy. The abnormally low values for D, end E, measured
here for Jow temperatures in highly disordered 11gCdTe can
quantitatively be eaplained by employing the short-lived
large energy fluctuation kinetic model proposed by Khait.”
A detsiled aualysis of the results in light of that model will be
given elsewhere.”

This work has been supported in part by the U.S. Army
(Contract No. DAJA45-86-C-Od). The help of C. Uzan-
Saguy, D. Comedi, nnd N. Moriya at various stages of the
experiments and analysit is acknowledged.
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F10. | RNS chanpeling spectra of !Il*t\' peotons of Ja-brsplsated (120
keV 210" cm(&p 11gCdTe taken st'differest temperstures: (8) s3-im-
planted (T = J0O K1, (b) 223K, (¢) 43K, (d) S hat 360 K, and (e)
following room-(cmperature implantetion. Random and channcled specten
of the virgin crycial are aleo thown.

FIG.2 Thevime depevdenice of the sheinkage { 2) of the amosphous layes in
100 K implanted 11gC A1 e held 81 0 consian temperature of 195 K. The
thice sets of daia points represent theee diffcrent modes of analy-in.

FIG N Arrhenius ot of the diffusion cocMclents governing damage evo-
fution in cold dmy d {gCdTe nbasined at thice tempetaturcs:
167. 191, and 218 K.
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‘Bulidup of lon Implantation damage inHg,_, Cd, Te for various x values
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Solid State Institute, Technion-Isroe! Institute of Vechnology, Hoifa 33 OUG, Israci

A. Triboulet

Laboratoire de Physigue des Solides, Centre National de la Recherche Scicatifique. 1 Place A. Bnand, 92195

Meudon Principal Cedex. Fronce

(Received 28 October 1988; accepied 4 March 1989)

The bulldop of damage induced by In lon implantation lnto tig, ,Cd,Te (or varinus
composition (x =0, x=0.24, x =04, x =0.7, and x=1) was meosured by weans of
channeling Ruthesford backscatlering spectroscopy (RDS). Damage profiles were catracied
from (ke spectra using & mode! based on Quéré's dechanneling treatment. Despite the large
difference is bond nature and the related physical propertics between the different compositions,
the genersl trends in damage formation were found vimilar for afl x values studied, shough
displaced by about two orders of magnilude In dose, 11gTe damagiug nivch easier than Cd 1'e. For
alt compositions, different types of damage seem to be creaied at diffcsent stuges durlig (he
Implantstion. The results can be understood if agglomeration of point defeuts to eatended defects
followed by & redistribution of the defects 1o deeper lying clusters with hicrensing dose it asyiimned.

1. INTROOUCTION

Amoug the ternamry §1-VI compound semiconduclors,
Hg, ., Cd, Te (MCT) Is possibly ihie miost widely studied.
The fact that Mg, _,Cd, Te ls = mized crystal containlng o
fiaction x of CdTe, a semiconductor with a falrly wide band
gop of 1.6 eV, snd (1 — x) of HgTe, a semimetal with a
negotive gapof — 0.3 eV makes it possible to tailor the mate-
tial by adtjusting x to any desired band gap betwees Vand 1.6
eV.! The compositions of MCT sround x w 0.2 and x =0 )
_have found wide use as Infrared detectors since they have
band gaps which cover the lwo atmospheric windows for 1R
radistion st 8 (0 i2 and 3 o $ um, respeclively. Recently

‘interest in MCT with x = 0.7 has arisen due to the cutull

wavelength of this materisl which corresponds well with
that required for minlmum attenuation in optical fibess (1.3
pm).2 Pure CdTe (x = 1) has been used for the detection of
visible light or gsmima redistion.’

The electeical properiles of Hg, ., Cd, Te ate determined
by composition (x), by deviation from stoichiometry, by
native defects, and by the presence of impusities. In partlcu-
Iar, n-type conductivity has been realized in low x MCT
{x = 0.2 10 0.3) by lon implantation."* Even though the
Implant most commonly used for that purpose is B (s poten-
tisl donos in MCT), implantstion of sny vther ion slso re-
sulls In n-type conductivity, Indicating thet the elecirical
properties mie governed by the implaniation-lnduced dam-
sge, rather than by impurity doplng.® Inserestingly, the
doping tfiezts that the implantation causes extend much
deepier into the crystal than the range of (he primury im-
planty, showing that the damage-reluted donor aiatcs cannot
be directly associated with slmple point defects. 1hie effects
of lon damage on higher x MCT has been studied to s nuch
fenser eatent. However, it has been shown most recently that
the implantations of Ar, In, or Xe into p-Hg ,Cd ,,Te
(x = 0.7) turns the materisl highly resistive.'”

The stedy of the nature of implantation-lisduced dumsge
n Mg, ,Cd, Tefor various values of x ls of impostance be:
cause of thie use made of the dsinege itnel! 89 u doping iiecha-
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nism. It is, however, also of basic Interest due ta the gradual,
yeteather eatteme, chonges that the materal undergoes with
x. Doth 1IgTe s CdTe are suthier soft materials because of
their large bund length (deay, = 2804 A:d,,,,. =2.1974A)
and polarity (ionic coeflicient F,) whicl is greater in CdTe
(F, = 0.70) thon in HgTe ( F, = 0.65). Nevertheless the
Hg Tebond, mostly metallic, is considerably weaker than the
CdTebond (E,,,,, = 0.38¢V; Ey), =0.89eV); hence the
enhanced tendency of the Hg tich alloys to lose {1g.""- "’

The question of how the varicus slloys of MCT respond lo
implaniztion damage s the subject of the present work, in
which a systesmtic study of the buildup of damagein llg,
Cd, Te with compositions x =0, 024, 0.4, 0.7, and 1 as 8
result of facrensing dose of indivm jon implants has been
vartied oul. While, ps eapecied, it was found that Hg rich
(low x) crystals damage much easier than those with higher
x composition, sume fealures, common Yo alf slioys could be
eatracled from i:e data 30 that general insight into the dam-
age mechsnism in MCT could be obleined.

I EXPERIMENTAL

fig, .,Cd, Te crystals with compositions x =0 (pure
HigTe),0.24, (0.4, 8 0.7 were grown by the lraveling heater
wethud. " Pure CdTe (x = 1) was grown by the audificd
Bridgiman technique. ' Sumples, 15 min in dismeter oriented
with the < 111 > axis perpendicutar to the surfuce, were cut
out of the ingots, migcor polished, und etelied hn s solution of
bromine In mcthanol fullowed by prapes tinsing In meths-
nol. ‘Vhe specimens were muunted on 8 three-axis gorlone-
ter and were subjected to consecutive Rutherford back-
scaitering/channcling measuremients  sd  Indium kon
Implumiation ot ever lncreasing doses. ‘The chanueling ex-
periments were coriled vut with 320 keV peatons collimated
theough | wperiures with on angular spresd < 0.04°
buckscutlcied into s delector sel ot 168°. To peafosm the
hmplustations, the beam apertwies were opened lo 0.3 1
con?, the crystal wag rotated 10 o sandom direction, and the
porticle detector was shiclded from backscaliered heavy
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tur 1. Channcl'ng Rutherford hacksenttering spectra obtsined fir (a)
pare Cdle sad (b} g, ,Cd, , Te implanted with 320 keV $n fone In (a).
tpecies |, 2, 3, and 4 cortespond tn implantation dimex of 107, 1% 10,
4300, and 2% 10" cm . respectively, while In (h), speciea 1, 2, and )
eotsespond to doses of 10", 4 10™", and 23 10" em ?, terpectively.

lona_ "1 fons, extracted from the same fon source as used
{or the RBS experiments , were accelerated to 320 keV ond
were homogeneously swept across the specimen. Allimplan-
tatlons were careled oul al r00m lemperature Into heat-sunk
sarmples, keeping the beam current areal density constant nt
40nA/cm’. Under such conditions negligible beam-lnduzed
heating of the sample s expected. In order (0 minhnize dam.
age caused by fhe probing beam, proton currents of <3 nA
were used. The bulldup of dsmnge, n« function of In linplan-
tation dose was measured for each of the compositions stud-
led. All measurements wese performed twice in completely
independent suim and ylelded consistent resulls.

. RESULTS

In the present eapetiment, use wan imade of miedium ener-
£y proton backscattering (v asses the damage In lmplonted
MCT. The fact that'fairly Jow energy protons were used
snsured thal there was practically no energy discrimination
between protons backscaitered fromt g, Cd, or Te aloms
(the difference in the most eatreme backscaitered enerpies
being of the order of the detector resolution). The results
obtained here, thetefore, present the behevior of the MCT
crysinl an m whole. High-energy, hesvy lon backecniiering'*
or PIXE cl ling expesiments'’ are needed 1o abinin
nnre detalled Information on the belhavior of the repnrnie
consiivents of the crysials studied. Despiie the fact that
tother auhatantlal differences tn bond propertien eaist

J.Vae. Bol. Techmol. A, Ve.. 7, No. 4, Jul/ Aug 1989 r d i
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beiween fhe eatreire cases siudied here (x =0 to 1), the
present resulls show thal, nevertheless, many festures sre
commien (o all compositions .

Figure | shows representative channeling RUS spectra ob-
talned for pure Cdle (Fig. Vis)} and for 11g04Cdy, Te
1¥ig. 1¢b)}] implanted with Inlons. Theapectra obiained for
the other compomitions sudied ook rather simitar. Por
Cdl¢e, the doses a which subsiantlal changes in the damage
occur vary between 10™ cm~* and 2% 10" cm - ! and for
Mg, i Cdo y Te between 10" cm *? and 2% 10" em™=2. The
followlng featuren, commeon (o all compasltions studied, con
be imticed already from the raw daia: (1) The damage ol- i
ways revesls Haell.through a geadua) dechanneling of the
peobing protons. ‘Hhis dechanneling s reflected In 8 constent
rise I the backscattering yleld with Increasing depth. Such a
behavios Is wsually observed for metals Iniplanted st roon
temperature, and v cnused by extended defects. At a well.
defned depth, which is subatantiatly Incger than the Meoject.- -
ed range of the implants ( 800 A), a change In slope
(“knee™) sets In. (i) There exisis a nesr saturation of dam. -
age, i.e., above a cectain implantation dose the increment of
damage with dose, a3 seen in the RBS spectra, is small. (iii)
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Fo 2 Dumnge depth profibes caien- ird frmn the RNS channeling dn -
prescatello Fige 1(a) (C40e) aod 1) (Mg, CA,, Te) In Fig 2{atit .
cusrce L LY mnd 4 consespumid to implanintlon dveaof 35 10", dw 105"
R amnd 2 10" i ", tespectively InFig 2thy. the curvea !, 3,1, *
ned $eepicacnt the damage priflie wiral 16edhrm Ing Impd ot wt cheo-
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" The marimum dechanneling never reaches the random lev-

el, but it changes with x; the tower 1he x valuc (hie higher the
wturation dechanneling. (iv) The minlmum doses for
which danmage staris to be noliccable in the RUS spectra
depends strongly on x. While for x = 0.4 (Fig. 1(b) | devia-
tions from the virgin spectrum can be seen already (ot
$x 10" In/em’, noticeable damage sets in for CdTe (Fig.
1(a) ] only st a dose of 10** In/cny’,

Damage profiles were exiracted from the RIS channeling
specira sccording to the procedure praposed by Feldman,”
Pronko,'” Picraus,™ snd Quiré.!! In this approach one ex-
tracls the damsge profile N, (2) s funciion of depth into the
crystal 2 from the expression:

__|_ d Yotlz) — x,(2) )l' \
NolD) "'an i In(——_l —X——‘y(l’ . n

Hese y, (2} and y,(2) are the measured normalized ylelds
foc (he unimplanted (virgin) and implanted (Jdamaged)
crystsl evalusted at depth 1. @ is the defect scallering cross
section. In calculating the depih scales for ciystals having
different degrees of damage, the clisnges in proton stopping
power with the amount of channeling which they vudergo
was taken into sccount using an lteralive procedure as de-
scribed by K#0.3 For the evaluation of Bq. (1) from the
experimental data, the relevani parts of the spectra (from
channel 290 to channel 440) were Blied by polynumials of
degrees varying belween 3 snd 6 depending on the shape of
each eapetimental spectrum . Wilh those, It was possible 1o
snalytically evaluste Eq. (1), thus ylelding the depth profile
of the demage. Figures 2(s) and 2(b) show the proflles ea-
(racted from the dats of Figs. 1(a) (CdTe) and 1(b) (g,
Cd, ; Te), respectively. The two manjor features evident from
Figs. 2(s) and 2(b) are that the damage does it incresse al
o constant rale with increasing [ implaniation dose, and
that the depth et which the demage reaclies lis masimum
Inceesses with increasing dose, and for the higher doses, is
substantislly deeper than (he prujected range of the in-
plants. Figure 3 shows the integiated (ota) damage as o func-
tion of the implaniation duse for sl compositions siudied. It
iMlustrates that stelking similarities exist between all compa-
sitions studicd with regard 10 the way the duimage builds up
wilh Incrensing lmplantation dose. All Rve lincs which con-
nect the daia poinis in Fig. 3 eahibit a similor teend, even

4. Voo. 8cl. Technol. A, Yol. 1, Ho. 4, Jul/Aug 1800

though they may be displaced along the dose axis by more
than two oeders of magaitude. Three reglons can be observed
inthe damage veeaus duse curven, in patticulsr when damnge
fs plotted on linear anis: Flist a sluw rise in damage with
increasing dose (region 1), foilowed by a much steeper rise
(region 1) which leads, 8t even higher doses, to a rather Nat
region (region 1), indicating that some saturation in the
damage sets in. For ligTe, region 1 was nol observed prob-
ably because it appears st doses lower than 10" cm - . Even
though the transition between the three mentioned reglions is
not very well defined, it is passible 1o read from the cusves of
Fig. 3 the approsimate doses a1 which the slopes of the
curves clunge. The lntegsaled total damage ut which the
“kinks" in tire lines appear, are displayed In Fig. 4, 83 8 func-
tion of x, for botls the flest (transition belween regions 1 and
1) and the szcond (transitions between regions Ll and 111)
keees ln the dmiage versus dose curves Interestingly, both
kinks appear, for all compositions studied, after a cedlain
theeshold aniount of datage, npprorimately common to sl
camposilion, lins been created in thie crystals. This may indi-
cate that basic changes in domuge propesties occor when s
pacticular density of defects, comaon to sl siloys of MCT,
is reached.

Fusther suppart for the existance of particular damage
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mon (o all compositions (Arst kink) above which a faster
growlh of eatended defects with increasing dose sels in (re-

- glon I1}. This-high rate damage production continues until
the damages density nearly saiurates (second kink) Lo a val-
we which i3 about five times higher than for the Arst kink.

/B Fuither ion implantation presumably breaks up tlie aiready

alll . tsisting eatended defects releasing point defects which mi-

. gestelnto thecrystal to form new exlended defects at gresler
; / depths. The redistribution of the eatended defects explains

3 1ha saturation of the total damage with Increasing dose and
A thve enhanced motion of the damage maxima into the crystal
bf In region [11. The fact that the damage densiiy integrated
g over the In range reduces with the square root of the dase

-~

- D! snggests that tfve mechanise responsible for the defect redia- °

" A5 iribution is related to some lon assisted diffusion :

. {EEE  (tisevident from the present obeervations that the Hg rich
1 ‘,crymh(low x) damiage more and easier than those with
e higher x. This resull ls expected and is in full agreement with
: , the fact that the ig-Te bond I8 much weaker than the Cid-

- 1S Te bond and that the formation energy of  metal vacancy ,

* +SlRY 8 calculated by Bailly,? ls much lower for HgTe than for

(1 CdTe. However, in the case of 5ig, _ ,Cd, Te with x = 0.7,
¥ 1.? the damage production was found to be similor and even

.. fomewhat lower than in pure CdTe(x = I). This peculiar

‘BeE - behavior cannot be explained by only bond strength consid-

5+ erations, but it may be connected with the fact that the mi.
- crohardness of the I1g, _ ,Cd, Te alloys exhibits s maximum
‘1 sround x = 0.7, Since microhardness is determined by the
. demsity of distocations the higher stabilliy of the x = 0.7
;8 tattice and the lower defect production at this composition®*

- {EK- may well be related.

‘5l The bulldup and the reconstiuction of the damage in-
L3 - duced by In lon implantstion in various x Hg, _, Cd, Te, was
(4 sudied in the present work by Rutherford backscatiering

L. tpectromeiry, and has been related to the nature of the bonds
B ; and (o some mechsnical properties of the alloy. However,

only cross sections TEM expesiments on samples of differ-

- enl compuositions implanted st doses corresponding to the

«[R ¢ three distinct reglons (Fig. 3) can confitm the explanation
44 offered in the present wosk.

d.Vac. Sol. Technol. A, Vol. 7, No. 4, Jul/Aug 1989

ACKNOWLEDOGMENTS

I'his wark was supporied by the U.S. Armiy (Contract
No. DAJA45.86-C.00)). The nuthors thank Dr. A. Musan-
evitch who has kindly furnished pait of the saniples.

'R. K. Willardson snd A. C. Beer, Se d 1 #nd Semaimeiels [ Ace.
demic, New Yook, 1981), Yol §8.

M. Roger, T. Biowssl, P Fragnon, ). Meslage, U. Pichatd, snd T. Nguyen
Duy, Ann. Telecommun 38, 62 (1983).

P. Siffest, Rev. Phys. Appl. 12, 103 (1977)

‘L. O. Bubulac, W. E. Tennsal, 8. I Shin, C. €. Weng. M. Lanis, E- R.
Geriner, snd B D Marshall, fps. ). Appl). Phys. 19, 493 (1990).

0. L. Destefanis, Nucl. instrom. Methods 209,218, 387 (199)).

“S. Margalit, Y. Nemlsoviky, and 1. Rotswin, §. Appl Thys. 59, 6186
(1979).

'), Daars, A: llurtie, W. Roihemuad, C.R. Fritrachs, snd T. Jakobus, ).
Appl. Thys 83, 1461 (1981).

*0. 1. Destefanis, ) Voc. Sci Technol A 2171 (1988%),

1K Yolopyenor, 8. F. Knoyrer,and A V. Spitsyn. Sov. Phys. Sembcrnid.
16, 626 (1982). )

"C Uran, Y. Matlsing. R. Legroe. R. Kaliah, and V. Richicr, J. Coyat.
QOrowth 86, 744 (1984).

"'A.Sher, A 11.Chen, W. . Spicer and C. K_Shik, J. Vac. Scl. Technol. A
3,108 (191%).

"'A. B. Chen, A. Sher, and W. E. Spicer, 1. Vac. Sci. Technol. A 8, 1674
(1983).

"'). C. Phitlips, Bonds and Bands in Semiconduciors (Academi, New
York, 1913).

"R. Triboulet, T. Nguyen Ouy. and A. Dutand, ). Yec Sul. Technol A 3,
95 (198)).

""N_R. Kyle, ). Electrochem. Soc. 110, 1790 (1974).

“K_Uskite, T. Ippnahl, K Murekam!, K Mswuds, H. Kudo, snd U. Seki,
ApP! Thys. Lert 48, 832 (1986)

'(}. Bubir snd R. Kafish, 1. Appl. Thys. 84, 3119 (198)).

ML C. Teldmaen and 1. C. Rodgers, 1. Appl. Phyy. 81, 3776 (1970).

P, P. Pr.nko, Nucl. Instrum. Methods 121, 249 (1976).

7§ 1. Picisun, E. Rimini. O, For. snd (. U. Campisano. Phys. Rev. B 30,
1018 (1918

MY (ubié, ) Nucl Mater 83, 262 (1974); Radint. EA. 18, 233 (1976).

.M. Kao, Ph 1D thesis, Stanford Univessity, 1987

P Dalily, In Froceediags of Lattice Defects in Semiconduciors, edlied by R
R_Nssiguti (University of Tokyo, Tokyo end Pemnsylvanis Stste Univer-
sity, Penmylvanis, 1968).

3. Cole. M Diown, sud A. F. W. Willoughby. J. Mster. 1. 17, 206)
(9.

T L e

Saae




Lt gty L wni b p vl by ge g, Ud le "
[—* CTHV e T (1) All defects ninervable by RDS ace extended defects
Hg,_4Cd,Te {mant likely dislacation loapa’ ). Even at high iimplantation
R0 U ! doses, no lattice amorphiration Is reached.
R30.2.4 (i) The damnage Formatlon with increasing dose exhibits
- Rs0.4.0 three regions.
v o000L. 01.a , . (i) The turnover dotes betweet these reglons (kinks)
s ) @ occur for all x a1 st the sante total accumulated damage.
E o (iv} The lurnover hetween regions 11 and 111 (second
a kink ) Is nccompanied by an enl d motion of the damage
waslmn info the crysial.
a ] (v} Inregion 1L, where the il damage resches satura-
i [ y tion, the integrated damnge around the implant range acty-
a ally reduces with approximatively a square-toot dependence
on duse. .
(vi) Al the abaove olmcrvalions seem o scale roughly
! monotonicatly with x, except for 11g, ,Cd,, , Te(x = 0.7) the
tooo | N dnmnge behavior of which much resembles that of pure
; Cdle(x ~ 1)
fpj—» A possible mechanisn caplaining the nbove reanlts is de-
Lﬁ‘ 1 . 1 L sctibed below. At low mplanted doses (region 1), the point
UL s w0l 2 [}

TOTAL AREAL DAMAGE
OENSITY (orb. units)
Ficr.$ Depth at which the damage resches temaal value vs total srenl
dannge dentity (arhHeory undts) $ov the varlous 1 studied.

levels at which distinct changes ln the nature of the damnage
sct in can be found In Fig. 5. In which the danage penk
position §s plotted against the toisl damage for all crystals
studied. While for low [niplantation doses (le., low total
damage levels ) the damage profiles roughly peak at the pro-
jected range of the tn implants, the whole damage disttibu-
tion is geadually shited inwards with increasing lon dose.
This process continues until, at a particular aniount of occu-
mulated damage, which Is roughly the saine as that where
the second kink appears (Fig. 4), the damnge maxima sinrt
1o inove rather rapidly into the crysinl. This occurs, how-
ever, withoul any significant increase in the total Integraic
damnge. In other words, when tlils process seis In, Turther
implantation hardly adds to the tolal damage, but rather it
pushics the demage deeper into the crystal. llence, sbove this
“damage threshiold,” the lotal damsge In the near sutince
region where the Implants come to resl, is sctuslly decrens-
Ing. Ny integiating the ares undes the damnge curves over a
depth bin which covers the eapecled iniplont disteibution
(300-1000 A ), 8 decrease in damage with Increaning dise is
imdced observed. This damage reductlon Is spprosimateiy
invernely proportional to the aquare root of the dose, the
proportionality fnclor decressing with increaxing x, as
shown in I¥ig. 6. Thissuggests thal tome beam-induced dam-
nge redistribution sets in for alt MCT compositions whien a
particular damage fevel ia teached. This process Is iost pro-
novnced for §1gTe (highest slope of line in Fig. 6) and lead
fir Cd e; In accord with the tesults on the bulldap of the
dnnnge nt the lower doses, which toa Issiiongest for the low
xcomporitionnof itg,  Cd, Te.

1V. DISCUSSION

The niain obmegvatlons commaon for att © following soom
temperntttee In dmplantation, are summarized below.

J.¥ac. 8cl. Tachnol. A, Yol. 7, No. 4, Jul/Aug 1989

defecta created by In ks migrate and agglomerate (o form
entended defects. These processes are enhanced in the Jower
x-composition of Hg, ,Cd,Te becsuse of the lonic forces
existing in the lttice. Az, a matter of facl, the dominant ionle
character of the bonds (contmon o all 11-Y1 coimpounds) is
nlso responsible for important defect recombinstion, hence,
even fur large implantation doses, no smorphization of the
ctysinl Is achievable at room temperature. Al higher doses,
the deusity of exlended defects reaches a critical value com-

] —-
Mg, ,Cd, Ve
o R=0
AR =0N
¢ R=04 4
ARz0!
e X=1

INTEGRATED QAMAGE ‘N 200-10008 (ort weh)

\\
Y
»n
.
't - ]
— T——
ol _. __A_ P IS —
[ [ 20 % 40
VOOif c 108

i & Relative damnge ot expecied baplnng tange {(if=gralcd arem aver 8
heptlebin varying hetwren At HEm A ) vaagunre romd of the implanis.
Yo e for sl comnpentitions studied

A AT R T
s ~e i Attt e it SR



unn Uzan Saguy of sl Bultdup of implantation damage in Hg,,,Cd,Te

mon 10 all compoaitions (Rest kink) above which a Mster
growih of exteided defects with Increasing dose acts In (re-
gloa 11). This-high rate damage production continues vutil
the damages densily nearly salusates (second kink) loa val-
we which is about five times higher than for the Nrst kink.
Futther lon implantation presumably breaks up the nlready
existiug extended defects releasing point defects which mi-
_ gatelnto the crystal to form new exlended defects at grealer
i depths. The redistribution of the extended defects explains
" the saturation of the total damage with increasing dose and
. the enhanced motion of the damage maxima Into the crystal
In reglon 111, The fact that ilic damage density integrated
over the In range reduces with the square root of (he dose
suggests that the mechanism respounsible for the defect redis-
tribution is related to some lon assisted diffusion process.

Itisevident from the present observations that the g rich
crystals(low x) damage more and easler than those with
highet x. This resull Is expected and Is in full ngreciment with
the fact that the Hg-Te bond is much weaker than the Cd-

. Tebond and that the formation encrgy of a metal vacancy ,
o8 calculated by Dallly,? Is much lower for HgTe than for
CdTe. However, in the case of Hg, _,Cd, Te with x = ().7,
the damage production was found to be similar and even
somewhat lower than In pure CdTe(x = 1). This peculinr
behavior cannot be explained by only bond strength consid-

. esations, but it may be connected witls the fact that the mi-
crohardness of the Hg, _ ,Cd, Te alloys exhibits a iaximum
stound x = 0.7, Since microhardness Is determined by the
_ density of dislocations the higher stabilily of the x = 0.7

Isttice and the lower defect production at this composition?
may well be related.

The bulldup and the reconsiruction of the damnge in-
duced by Inlon implantation: in various x Hg, _ , Cd, Te, was
studied in the present work by Rutherford backscatteting
speciromeiry, and has been related to the nature of the bonds
and 10 soee mechanics! properties of the alloy. However,
only crons sectional TEM eapetiments on samples of differ-
mi compositions implanted sl doses corresponding to the
theee distinet reglons (Fig. 3) can confirm the explanation
offered in the present work,
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A METHOD VOR RADTID THERNAL ANNEALING OF COMPOUND
SFMICONDUCTORS NY ¥ (O LASER TRRANIATION

U. BETA, Y. RICHUTRR and R. KALIDN

i Jolld fiate Inatitute Teohnlon-larael Inutitute of Tochnolopy
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ARSTRACT

A now inpld Theranl Proceasing teclminue Lannd an henting by

lrrndintion from CO» Inner In pronented. 1t In partlculnrly oultable for

»

thersnl trontment of low melting tempernture materinls nuch an nnneallng

. Implantation imduced damnge In compound nomleonductnra,

Short time hoatim: of the anmple In nehloved by Thn enntnet with n
auarte plate heated by photonn from o CW COn Innor. Phe quarle nerven
both no an nbaorbing medlum for the radinllon and no n proximity cap.
Steady atate-tempernture can be obtnined by the simultancoun henting of the
nanple by the laoer and its cooling by n Jot of N3 gna.

The pronent toechnique, whon applied to lon Implanted InSb
(Ta€4n09C, =10 socondn), londn to vemovnl of Lhe Implantntion damage
which lo comparnble Lo thal obtnlnml by Turnnen or finnh lamp
Vieatpulee™)unnonl ing.

IHRTRODUCTION

Short time thormal trentmont for the annenling of Implantation Induced

. danngo han heen extonnlvely studlad in recent yonrn [1-21. Tt han boen

- ———

e

ahown to %e pnarticularly attractive In the cnno of low enorpy implantatlon
Into 0§ for mhallow Junction fabricatlion nn dopnnt diffunion could be kept
to n minjmum by applylng thie technlque. Rapld Thermal Annenling (RTA) han
aleo beosn uned on compound nemiconductiorn, Lhe mont ntudied materlal belng
Gaka. Nuch lens has boen publinhed on Lhe rapld anneallng of nnrrow band
rrp asmlconductora nuch an In3b nnd gy CdyTo. The maln problem bLuwing

the low melting point of thone matorinln and hence the requlreoment for
falrly law temparature (300-400°C) trentment, Noverthelenn, tho anmo
argumontn vhich make RTA attractive for the annealing of ahallow Ilmplanto
in &1 should nlso apply to compound nemiconductore. lere too, diffusion

- procescven which may accompany defoct removal nend to be nvalded an much no-

paealble. The major undealroed diffuntion In the cnnn of the compoundn ia
that of the more volatlle conotituanin ot the cryntnl, the loon of which
leade to changoa In atnlchlomelry and thun to chanpgen in materinl
propertina, Provious work, moatly on WTA of My 0d,Te, hnn Indead

phawn thyt defeetn could be removen) with uepldigihle changen Ln
ninlehiogmotry. tn thone studles snenpintotm) pamplon wera honted olthepr by

cohart torm aypanure \n Light dellverad by (lneh lnmpnl‘-dl. or by

Leeadintinn by photons from C0a tomerend 5= 10 S0t enpn vors normally voed
In thono sbtudiea Lo suprsnn Hg evnpoentlon feam Lo purinan,

In the presant wark wo report nn Lhe extention of Lhe €O lnnor
antienling which va have developed for ligy [ yTe nludlen. We dencribe

+ on inpraved laanr annonllng arcanpemonl, whiech pormita enplenn annealing of

the namplen yiilialng Lhe hiph almneptinn of quarty for 10,6 micren
todiating npd Lhe tpdiroet Bontling o the noample h_y f1a eontaect with the l
toane heatad quarty plale, Vo phow Uhpl gond nnnenling onn be achlaved swlth
Phies areanpoment nlon for Jon Iaplanted Intth, The nonent Inpg nunllty, nn
Antoemioncd From ARG channsling syporipmentp, 1o shown tn b vomparable 10
rhat ablainakle by futnses nr by [lunh Tpmp ("""['."]""T") henting.
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FXPERRINENT AND RESULTS
The CO laner and 1ta beam tremsport nre shown In flpure ! together
with the temperature control feadback,nrirnnpementa, Radlation from s
powerful C¥ COp laser (moximun pover:1.% k¥W operuted for this experiment
at only 300 W), with a computer controlled shutter, is focused by a 3.75"
2nSe luns Into a beam homogenlzer coneleting of n simple rectangular cavity
made out of 4 polished stainlese ateal plates. The beam emerging from this
homogeniser ie uniform over its Ixt em? apporatura, with only fine
ropularly spuvud sllzht variationn in tutennity mntlenabln on exposed
photosraphle paper. Thla inhomopenelty depende on the rolntlve dietance
between the lens, the homogenlszer and tho sample, and it cnn ba minimigod
by appropriate cholce of these parametars. It Js however of no importance
to the prosent annealing procedure, aince temporature uniformity on the
ocomple surface 18 aschieved in the quarte diffuner, ar will be dencribed

~below. The sample arrangement 1is shown 1n detall in flgure 2. It consistes
. of the eample sandwichod between two quariz plates, the bottom one with a
" thermoocouple mlued into n hole In Ite center. The top quarte plate gorves
‘ as  an absorbing medium for the 10.6 mlcron randiation from the CO, laser,
, a temperature diffuser, and es a proximlty cap for Lthe enmple. The

temperature of this top plate is monitored by n pyroelectric detector
(manufactured by “GALA1™) which io senaitive to the relevant temperature
ronge (200-700°C). The temperature readings as a function of time for

both thermocouple and pyrouglectric dotector nre monitored. Any one of them
can be used to outomatlcally open & solenold vnlve which permite n etreanm
of Ny gns to flood the anmple, thun cooling §t when & desireld preset

. tomperature ia reached. A constant nample tempnrature cnn be maintained in

thio way. Huprusentntive timo-tempnenture curvan for ehort time and for
longer (stoudy utate) hesting are shown In flgure 3. It should be noted

. that whun higher laser povera wore used, temperotures up to 1300°C could
' be reached by thls arrunpement, within S scccnds from the atart of the
. lnaer puluo. Thus the anmo arrangemeut wno nlen used by ue for RTA of ion

implanted H1.

Tiva Softing

10.6 mlcions
Nodlglion

Rt
4 L] ‘ ) L]
b 2. ) <sxsy ! !
Y Nk i /777,3

E]
. t Quarlt Plate
1 tad »C @ Contigin 2 Duaiig IMlale
2 LO0g Leeer 9 Oved Teote Recortar 3 Sawple
3 Pemu Msinr 10 thumeieupia " oo
4 $hulles 11 Teget Astamdiy rome
§ 5.78° lasglem 12 Netslo 5 Ihenmocouple
8 Hemagenityr 13 Yelensld veier 0 g
T Pradtasitly Datecier 14 Comprassnd Ny
flg.! Fxperlmentnl arrangement usod fig.2 Somple rasembdly
for.the
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fig.3 'Timo-temperature curves ns mensured with the pyroelectric )
. dotector, viewlng the top quartz pluater equare-direct laser
heuting nnd croeses- henting with My jet cooling.

Indium Antimonide <111 orlented crystnls were Implented, nt room
temperature, wlth Zn lone to e dose of 1510 3em=2, The samples have

: been exposed to short time heatlug obtained by efthier CO» laner

arrangement by light fleshes from the lentpulse™ or to A furnace
anneallng of 400 OC for 30 minutes. Towperntire was vorled for both caees

" In the range of 300-400 °C with nomiusl heating times kept at elther 5 or

10 oeconds. Somples for the furnace annvualing were encapsulated with
evaporated S00A S§05. Thin lnyor wsa chemically removed nfter annealing.
Tho sumple gquality bvefore and after nunvaling was studied by performing

. Rutherford Backecattering (RBS) channelling exporlments with 320 keV

protong. Nepresentative results are shown in fipure 4 where the epectru of
the chnnneled protons scattered at an angle of 165° are ehown following
both €O, inser and HentpuleeT™ (1=10 moc, T=400°C) anneallng. Also
displayed are the spectra measured for the virgln and ae Implanted samples
ag well ns a random epectrum. The as implanted spectrum showe no damage
peak, instead the jimplantation induced damaore reflecte ftaelf through the
dechonnellng of Fho probing bLeanm.
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fig.4 Chnnnelod RAS spectra for: virpin-(x);nn Implunted-(+);laner nnneoled
4007C110nec.-(9) jHoutpulae annenled 4000¢ ¢ 10nec. -(Q)j random- ().




. meinly of extended defectn. As can be seen from the spectra, good annealing
. could be obtalned for both techniques when the sample has been exposed to

. dachanneling of the protons by the procedure deacribed by Feldman end
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The dnmago created in InSb crystals by the implantntion is comprised

4009C for 10 seconds. The damage proflle hna been deduced from the
Rodpore al. Thooe net proflles are shown In Tipure 5. In order to chack

whethor the nonoollng hne osueed mejor chanpon L the nenr surface
ostolchlometry, Auger Floctron Spectroscopy deplh profiling wae carried out.

. The rooults of such measurments sre shown in flpure 6. As con be peen from ¢ .

. this flgure only the topmost 200A hnve bean affocted by the annesling
. n-ocedure.
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f1g.6 Auger Electron Spectroscopy flor COp lnser annenled aample
(T=4000C: 10sec.) showing oxidntion nnd stolchiometry changes
extending to about 200A from the surfuce
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DISCUSSION

The new method for short time thermnl procensing descrlbed here, which
relles on Indlrect henting by Irradiation from & CW COp laser, hae
severnl attractive featurea. Powerful (O, lnoers nAre readlly avellable,
and offer an inexpenslve way to convey heat through windows which are
transparant to the 10.6 micron redlatlon to the sample. It can therefore be
easlly uppllied to samples kept at varloun atmospheres in simple glass
container. The use of the thermal medlator is almple, ensures lateral
thermal unlformity over the sample and it may serve as a proximity cap to
supreas’ the loss of volatile constituents of the crystal. Thé fact that the
heat ls transfered to the sample through its contact with an sbsorbing
medium opena Interesting avenueos for rencarch on the role that the
diroctlon of heat flow hus on the quanlity of the annenling. In contrapt to
heating in a furnace or In the leatpulse'™ Instrument, whore the sample
ls placed lnelde a hot cavity and 18 heated simultancously from all
directlons, here the heat flows through the sample from the surface which
fuces tho laser. This face can bo the:lmplunted surface or the opposlte

* one, hoence wnnualling quallty wlth the hent flowlng through the Implanted
" reglon Into the bulk of the crystisl, or from luside the crystal to the
: dumuge cryotal -interfnce and then to the surface can be studied. InSb is a

good cnndlidate for such studles because of Its poor thermal conductlivity so
that an appreciable temperature gradlent across the sample is expected. We
have attempted such measurments, in whlch we have looked for the dependence
of uannealing quality on irradiatlon direction, but have no concluslve
results yet. The maln difficulty belng how to ensure that the temperature
ut the Implunted layer is the aame for both lrrndintlion dlirections. The
quartz modiator 1a, of course, not essentlnl for the preaent technlque. A
deposited Si0p layer on top of the sample will serve the same purpose of
absorbing the 10.6 micron radiatlion from the CO laser (the absorption
coefficlent for 5105 is 104 cm“) and transfering it into the
crystul., It too wlll serve as a protective cop, however, with the
dlieadvantnges related to difflcultleafin deposltlon and removal of the
film. As we have mentloned above, the technique is not necessarily limlted
to low tempernture thermnl treatment, and we huve nlso demonstranted ita
usefulness to Implanted S1, however the liigh thermal stress involved in
unidirectional high gradlent heating will probably be undesirable due to
the high internal streos which munt anccompany 1t.

The dencribed method needs refinement mainly in two pointe:
n) Tho dotormination of the renl tempoersture at the implanted surface is
problomntic as 1t depends on the thermanl contnct between the quarte plate
and the gample, and b) The anneallng reproducibllity is hard to obtain
bocnuoe of fnheront varlntlon in lanor output. The first problem can be
nvoldud by tho use of an abnorbing mnterinl doponited on the sample surface
or by porforming rolinble hoat trannport enlculatlonn nand asouring
roproducible good contnct botween the surfncos. The second can be overcome
by caroful and repetitive adjuntment of the lnner operating conditions.
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Rapid annealing of Hg,_, Cd, Te by immerslon In a hot mercury bath

A. Kalish, R. Fastow, V. Richler, and M. Shaanan
Solid State Institute, Technion, Israel Institute of Technology. Haifa 32000, Israel

. (Received 16 June 1987; accepled for publication 13 August 1987)

A simple technique for annealing lon iinplanted Hg, _, Cd, Te in a mercury atmosphere has
been developed. In this technique, Hg, _, Cd, Te is sandwiched between two silicon walers and
* immersed in a hot mercury bath. This permits rapid annealing at well defined temperatures
and times. indium- -implanted Hg, _,Cd, Te (x = 0.2 and x = 0.7) samples have been .
B annealed using this methed at temperatures ranging from 260 to 350 °C and for times ranging
from 3 s to 1 h. The near surface crystalline quality, as measured by ion channeling, improved
sfter annealing and was comparable Lo that oblained by other annealing techniques. No change

in surface stolchiometry, as measured by paticle-induced x-tny emission, was (Ielcctcd tn the

11g,.9;Cdy 35 Te Samples.

The doping of 11gCdTe by ion implantation relies on the
n* tayer formed ag a result of implantation damage, rather
than on the activation of the dopant atoms. By relying on the
damage produced duting implantation, many of the advan-
tages that ion beam implantation offer are lost (i.e., control
of the junction depth and the doping level). Attempts at
annealing HgCdTe have been complicated by the loss of
mercuty which occurs during even moderate heating in a

_vacuum ot in an inerl atmosphere. Published values for the -

loss rate of mercury a4 4 function of annealing time and tem-
perature predict an almost complete depletion in the top few
hundred angstroms following & 1-min anneal at 350°C.}
,Since mercury vacancies Act as acceptors in n-type material,?
s loss of 10" Hg/cm? Is usually enough to convert the semi-
conductor surface from n type to p type. Therefore, capping
layers, annealing in a mercury atmosphete, or rapid anneal-
ing with incoherent light sources or cw lasers, have been
attempted.>* Crystalline quality has been found to Improve
with all of the above methods. Realization of a p-on-n photo-
diode by the partial activation of p-type dopants has been
reported following short duration CO, laser annealing’; and
successful p-type dopant activation after capped furnace an-
nealing has also been reported, Indicating that the damage-
related n-type activity was removed.® In the present work,
we have developed a new technique to anneal ion implanted
Hg, _,Cd, Te, with the objective of removing the implanta-
tion-induced damage without altering the surface stoichiom-
elry. The advantages of this capless annealing technique are
its sinplicity and the possibility for short time anneals (~ |
8) with accurate time and temperature control,

Single crystals of Hg,,,Cd,,, Te and Hg, 1, Cdy 5o Te
oriented in the (111) direction were mechanically polished
and elched in a bromine-methanol solution prior to fon im-
plantation. Implantation of 300 keV In* lons at a dose of
1 10'*/cm? was carried out at room temperature. To avoid
sample heating, the current density of the beam was kept
below 0.1 uA/cm?. The projected range and straggling for

. such implantations are 850 and 450 A, respectively. During
mplantation, half of each sample was covered for later comn-
parison and for the evaluation of the elfects of thermal treat-
ments on unimplanted material. Annealing, following im-
plantation, was carried out in & newly designed apparatus
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which is sketched in Fig. 1. A Pyrex flask, partially filled
with pure mercury, was heated to 260-350 °C. The iempera-
ture was measured by immersing a mercury thermometer
into the bath, and vapors were prevented [rom escaping by
attaching a water-cooled condenser to the top of the flask,
The HgCdTe sample, sandwiched between two polished sili-
con walers, was lowered into the mercury bath for the de-
sired annealing times. As mercury does not wel the surfaces
of either HgCdTe or silicon, it could not esiter the small gaps
between the wafers. Hence, liquid mercury never came into
direct contact with the HgCdTe surface, yet a mercury
overpressure at the surface was maintained. Since the bath
temperature was accurately measured, as was the dipping
time, rapid annealing at well defined temperatures and times
was possible. Because of the high thermal conductivity of
liquid mercury and the small heat capacity of the sample
assembly, a nearly instantaneous temperature rise (less than
100 ms) to the temperature of the bath could be achieved.
Samples were immersion annealed for times ranging
from 3 s to | h at temperatures from 260 to 350°C. The
reduction of defects as a result of thermal treatment was
evaluated by ion channeling in the {111) direction using 320

ANNEALING APPARATUS
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// THERAMOMETER

FI10. I. Apparatus for the rapid thermal annebling of Hg, _,Cd, Teina
mercury strnosphere,

AN INBY Avnmitmmn banill ba ol Ploalan LY 4 )

Best Available Copy



keV protons, Figure 2 shows a typical set of channeling spec-
tea before and afer annealing 11g, 5y Cdy 4y Te for 308 at var-
jous temperatures. Random and channeled spectra for vir-
gin crystal are also shown. The quality of the unimplanted
sample can be determined from the ratio of the channeled
virgin spectrum to the random virgin spectrum at the surface
(Xwin )+ Spectra 2(a) and 2(b) yield a value for yo, of
10.5%. Implantation of indium results In a gradual dechan-
neling which is typical for damage in 11g, 3, Cdy 5, Te [spec-
trum 2(c) |. The width of this dechanneling region indicates
that extended defects are preséiit to a depth of 2700 A, which
is three times the projected ion range. The effects of thermal
treatment on the implanted sample are shown in spectra
" 2(d) and 2(e), corresponding to annealing temperatures of
260 and 350 °C, respectively. Both of these spectra are com-
parable to those obtained by other rapid annealing tech-
niques. Channeling spectza from the unimplanted region re-
mained the same after annealing.

The near surface stoichiometry of 11gCdTe was deter-
mined by measuring the characteristic x rays excited by low-
energy protons (PIXE). To the firsi order, changes in the x-
ray yields were proportional to changes in the relative
amounts of Hg, Cd, and Te. A PIXE spectrum taken from a
Hgg 1y Cdg 3 Te sample alter annealing for 30 s at 280 °C is
shown in Fig. 3. The peaks corresponding to the L groups of
Cd and Te, and the M group of 1ig are well resolved. This

-~ spectrum was taken with 340 keV protons which probe an
effective depth of 3600 A. A number of spectra were taken
with different proton energies in order to probe the composi-
tion at various depths. These data are represented in Fig. 4
where the ratios of the Hg to Te x-ray yields are plotted as a
function of energy for both the virgin and annealed samples.
The lact that these yields are nearly identical indicates that
the surface stoichiometry remained constant to within the
statistical error of - 3%. The relationship between proton
energy and effective depth is also shown in Fig. 4, and was
calculated by taking into account the proton energy loss and
x-ray jonization cross sections as a function of energy, and
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F10. 2. Tonchanneling spectrs of Hg, 1, Cdy 4y Te: (8) virgln, eandom direc-
tlon; (6 viegin, sligned direction; (¢) implanted, unannealed; (d) implant-
ed, annealed for 30 ¢ at 260°C; (¢ '~wolanted, annealed for 30 2 st 350°C.
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FIG. 3. Particle-induced x-1ay spectra, taken with 200 keV protons, of
1841, Cdy , Te alter annealing for 10 s at 260 °C.

the x-ray attenuation factor as a function of depth. Since the
mean depths probed at a given energy are slightly different
for each element, the effective depth was defiried as the aver-
age of the three mean depths. PIXE measurements taken on
g, ,0Cdo 4o Te before and afer annealing for 5 min at
310 °C clearly showed excess mercury extending thousands

- of angstroms into the crystal. It is not clear at the present™ ~

time whether this penetration was due to the much longer
annealing time and higher temperature, the differing sample
stoichiometry, or other basic differences between the crys-
tals. ' , =
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Optical micrographs of the surface taken before and
afer annealing showed that good surface morphology was
maintained. The surface of the annenled sample remained
smooth, although a low density { ~ 1000/cm?) of pits 2-3
st I dlameler was observed. It is probable that the pilting
was caused by condensation of mercury vapor on the sur-
face. ' ' o

In summary, we describe a new and simple apparatus
for annealing HgCdTe. The advantages of this technique are

- that short time (~ 1 3) capless anneals In a mercury atmo-
sphere at well defined temperatures and times are possible. It
was demonstrated that immersion annealing can restore the
crystallinity of indium implanted Hg, ,, Cd, 5, Te, maintain

. the near surface stoichiomeltry, and preserve the surface
moryg:hology.
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