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FOREWORD

This report summarized work entitled, “Research on Mercury Cadmium Telluride”.
This work was carried out at Rensselaer Polytechnic Institute over the time frame
February 15, 1985 to February 14, 1990 on behalf of the Defense Advanced Research
Projects Agency. It was monitored by Drs. R. Reynolds and J. Murphy of DARPA and
administered by Dr. M. Yoder of the Office of Naval Research.

Additional funding was provided by a Fellowship from the IBM Corporation and a
Grant from the Raytheon Corporation. These funds were used to support one student
(N.R.T.) in addition to general support of our research program.

Work on this program has involved the help of many students, over and above those
directly funded by it. In addition, they have provided a generous sharing of knowledge
gained on past projects. This last item, while freely given, is an important advantage of
running a solid state Materials and Characterization effort which has been ongoing for
the last 20 years. Their support is gratefully acknowledged.

Finally, many of the accomplishments of this program would not have been made
without the support, technical guidance and enthusiasm provided by our contract mon-
itors. They have allowed us to direct our efforts along productive channels as they un-
folded during the course of this program, and to terminate tasks as they came to a fruit-

ful conclusion. We greatly appreciate their continuing interest in our program.

I.B. Bhat S.K. Ghandhi




SUMMARY

The goal of this program was to conduct research on the growth of HgCdTe and
related compounds. The following are the main accomplishments of this effort.
e Hg;_.Cd,Te has been grown on CdTe substrates by the alloy method, and fully
characterized.
¢ The Conventional Alloy Growth Method has been used.
e £ =0.210.002 over 1 cm X1 cm has been achieved.
o Fully annealed background carrier concentration ~ § x 10!*/cm3.

e Minority carrier lifetime 45 nsec (microwave transient method).

Hg;-,Cd.Te has been grown on GaAs substrates with a CdTe buffer layer.
e The Conventional Alloy Growth Method has been used.
e z = 0.2 £ 0.005 over a 2" dia. substrate has been achieved.

e Hillock density 500/cm?.

Extrinsic p-type doping of HgCdTe has been accomplished.
e Arsine gas used as the dopant source.
e Doping to 10'7/cm® with a 77K hole mobility of 500 cm?/Vsec (for z = 0.2).

e Stable after annealing at 270°C for 15 hours.

Extrinsic n-type doping of HgCdTe has been accomplished.
e Trimethylindium and triethylindium used as dopant sources.
¢ Doping to 4 x 10!'8/cm® with a 77K electron mobility of 6 x 103 cm?/Vsec (for

z = 0.23).

nt-p diodes have been made on HgCdTe using vacancy doping.

¢ Diffusion length of 120 um for diodes with a 5 um cutoff wavelength.

Surface passivation of HgCdTe has been accomplished with anodic sulfidization.

e Enhancement mode FET devices have been demonstrated in this material.

HgTe and HgCdTe have been grown at low temperatures (=~ 240°C).
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e Methylallyltelluride has been used as the tellurium source.
o X-ray FWHM values as low as 29 arc sec have been obtained.
e CdTe has been grown and doped both p- and n-type.
e p doping to 107 /cm3.
e n doping to 10*8 /cm3.
e Extrinsic doped p-n diodes have been fabricated from CdTe and tested.
e Performance is comparable or superior to that of GaAs diodes.
e n = 1.04 for forward voltages in excess of 0.4V.
o I, =13x10"!%2 A/cm?.
e Reverse leakage of 10 pA (diode of 0.7 mm X 0.7 mm area).
¢ Light emission has been measured from these diodes at 77K.
e ZnSe has been grown on GaAs.
¢ Photoluminescence of GaAs is seen to improve by a factor of 100-200 with this
overgrowth.
e Effect is reproducible on both p- and n-GaAs.
¢ Evidence of pseudomorphic growth of ZnSe, with a clean ZnSe-GaAs interface.
A number of papers, resulting from this effort, have been published or submitted
for publication in the refereed journals. Published papers are listed in Section 3. Those
which have been submitted are provided as Appendices. Additional papers are in prepa-

ration.
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1. INTRODUCTION

The goal of this program is to conduct research on Mercury Cadmium Telluride and

related compounds. Its emphasis is on the growth and characterization of thin films of
these materials by means of Organometallic Vapor Phase Epitaxy. This report outlines

tasks proposed and the accomplishments during our program.
2. WORK ACCOMPLISHED DURING REPORTING PERIOD
2.1 Reactor Development

In order to get off to a rapid start, an existing epitaxial reactor (System I) was
adapted to meet the special research needs of this program, during the early months of
our effort. Specifically, a new mass flow controller channel was installed for the cadmium
source, and a new graphite susceptor was designed and incorporated into the reactor. In
addition, many of the existing lines were removed and replaced with new plumbing.

This machine is a relatively small one, with a 2" ID reaction chamber. Although
very simple in design, its main advantage is that it can be rapidly reconfigured to meet
the needs of a specific research problem. Many of our developments during the course of
this program were first demonstrated on this system.

A new reactor, capable of large area slices, was designed and components ordered
for it. Construction of this system (System V) was carried out during Year I and the
machine brought into operation during Year II, about 10 months ahead of schedule.
This system is an all welded unit, with VCR fittings and mass flow controllers on all its
channels. Operation at pressure from 1 atm to 0.1 atm is possible, under closed loop
control. Both manual and full computer control have been incorporated into this ma-
chine. An extremely flexible software program was written and tested on dry runs with
the system. This program not only runs the reactor, but keeps a complete log of reactor

conditions while it is in operation.




The reaction chamber design is a unique one, in that it eliminates all heated lines
for transport of mercury into the system. Moreover, the mercury source is not in the
main reactor chamber, so that it does not get contaminated by the flow of organometal-
lic reactants over it. This combination of features allows for good control of the Hg va-
por pressure during growth, and still maintains a low level of impurities in the growing
layer.

This new design was constructed with a stationary susceptor system as a cost sav-
ing feature. (The loading mechanism for this system was fabricated at a cost of $5,500,
as compared to $70,000 for a system with a rotating susceptor.] During Year III, we
demonstrated on this machine that we could exceed the DARPA goal of £ = 0.2 £ 0.005
over a 1 cm x 1 cm slice. Measurements, made by Dr. C. Castro at Texas Instruments,
confirmed a uniformity of z = 0.2 + 0.002 over a 1 cm X 1 c¢m layer grown on CdTeSe

substrates [1, 2|.

In System V, the entire reaction chamber, including the loading and unloading
mechanism, was built as a separate module, so that it could be replaced with a more
sophisticated one if future requirements necessitated such an upgrade. Successful opera-
tion of the reactor during Year III heightened our awareness of its shortcomings, so that
we instituted this upgrade at the request of DARPA. This was carried out along the fol-
lowing lines:

e A reaction chamber unit, with provisions for a rotating susceptor, was designed. Its
construction was well beyond our capabilities, so it was farmed out to CVD Equip-
ment, Inc. This unit was delivered and installed at the beginning of Year IV.

e The reaction chamber was reconfigured. Some computer modelling was necessary
for this purpose.

e The gas handling on a number of the alkyl channels was redesigned to allow for sta-

ble operation over long periods of time.
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e The Hg chamber and its heating were modified to improve reproducibility.

All of these improvements were made with the view towards obtaining +0.005 uni-
formity over a 2" diameter substrate. Using this rotating heater, HgCdTe layers were
grown with a £0.001 compositional uniformity over a 1" diameter during Year IV. The
goal of z = 0.2+0.005 variation over a 2" diameter GaAs slice was achieved during the
final year of our program.

During Year IV, a new machine (System VII) was designed, incorporating many ad-
vanced features. The machine was constructed during the final year of this program. It
has been designed as an extremely flexible unit, with high speed valves, pressure balanc-
ing, and full computer control. Two completely separate channels are provided, to allow
growth by conventional as well as by atomic layer epitaxy.

The machine was originally developed to be used for HgCdTe. However, we have
altered some aspects of the design in order to respond more closely with the recent
DARPA shift in emphasis towards wide gap materials such as ZnSe and ZnTe. The pres-
sure balancing feature, combined with computer control, will allow the growth of super-
lattices as well as ternary alloys in this system.

System construction was ca:ried out to the point where all of the input and exit
plumbing are in place. Time and cost constraints have prevented the fabrication of an
advanced reactor chamber. Consequently, a simple reaction chamber, made for another
reactor, has been installed on this system. The susceptor for this chamber is r.f. heated;

again, because of the availability of an existing unit.

2.2 Growth and Dopirg of Cadmium Telluride

During Year I, a considerable amount of our research eflort was placed on the
growth of CdTe for two reasons. First, it is relatively easy to grow on a high quality,

lattice matched substrate such as InSb. Thus, it is a starting point for the understand-
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ing and development of processes for HgCdTe. Next, it serves as a useful intermediate
layer in the growth of HgCdTe on GaAs. Our studies have addressed problems on both

of these areas.

Considerable effort has been spent on growing CdTe on InSb [3-5], to which it is
closely lattice matched (0.02%). The resulting material is therefore of excellent crystal

quality, and can be used to study the basic properties of this semiconductor.

Studies have been made to investigate the effect of varying processing conditions [6]
on the growth of the resulting CdTe material. These have shown that material quality
is strongly dependent on whether growth is initiated on a Cd-stabilized substrate or on
one which is Te-stabilized. One result of this study is our ability to grow extremely pure
CdTe, with a photoluminescence (PL) full width half maximum (FWHM) of 2.1 meV at
12K, in undoped material. This value is the lowest reported for epitaxial CdTe grown by
OMVPE. The PL spectrum of these layers is dominated by emissions from the radiative
recombinations of the free and bound excitons, which are very well resolved. A level at
1.596 eV is associated with the recombination of free excitons. Additional levels at 1.593
eV and at 1.591 eV are also observed, and have been associated with an exciton bound
to a neutral donor and to a neutral acceptor respectively. The well resolved narrow exci-

ton band and low value of the FWHM indicate that layers are of high quality.

During Year II, this work was augmented by a detailed double crystal x-ray diffrac-
tion analysis of strain in layers as a function of the growth conditions. In this study
both symmetric (004) and asymmetric (115) reflections were used to determine tetrag-
onal distortion and strain in the grown layers, for a series of different growth condi-
tions. Our work showed that, with suitable process conditions, it is possible to grow
CdTe with a full width half maximum of 20 arc seconds [5, 7]. This is the lowest value
ever reported for OMVPE grown layers. Moreover, coherent epitaxy can be achieved for

growth at 350°C.
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An interesting result of our work was the observation of tilt between the epi-layer
and the substrate, if growth is carried out under Te-stabilized conditions. A misorien-
tation of 235 arc seconds was observed in these films. (Misorientation as large as 48 arc
minutes has been observed by other workers in the area.) We believe that this is prob-
ably due to the presence of an interfacial layer of InyTes formed during the growth of

Te-stabilized films.
2.2.1 Growth Mechanisms

During Year I, a detailed study was made to determine the reaction mechanisms for
the growth of CdTe [8]. This study involved growth on a variety of substrates (CdTe,
InSb, GaAs and Al;03) in addition to an extensive study of the results of other workers.
In this work, we had shown that it is possible to grow CdTe from elemental cadmium
and DETe at temperatures as low as 230°C. Thus, there is no a priori reason to postu-
late the formation of a DMCd-DETe adduct to accomplish this low temperature growth.
In addition, our experiments indicate that CdTe growth begins by the heterogeneous de-
composition of DMCd to cadmium, which is chemisorbed on the surface. This process
is the rate limiter in the growth of CdTe, and also in the growth of other cadmium com-

pounds (CdS, CdSe) from alkyl source materials.
2.2.2 p-Type Doping of CdTe

p-doping in CdTe requires the incorporation of the impurity (arsenic in our case)
into Te sites, where it behaves as a singly ionized acceptor. Unfortunately, this is ac-
companied by the incorporation of some of the impurity into Cd sites as well, where it
behaves as a triple donor. Thus, high p-doping is very difficult to achieve, since the ma-
terial becomes rapidly compensated.
3

In our work during Year II, we were able to dope CdTe p-type, to 2 x 10'7 cm~3,

with a uniformity of better than +20% over a 1.5 cm x 1.5 cm area [9, 10]. This doping
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concentration is about a decade higher than that reported by other techniques such as
MBE. Moreover, large area uniformity is readily achieved, without the need for complex

photo or laser excitation techniques for this purpose.

CdTe growth was carried out in an atmospheric pressure reactor using diethyitel-
luride (DETe) and dimethylcadmium (DMCd) as the Te and Cd sources, respectively,
at a growth temperature of 350°C, with DMCd to DETe partial pressure ratios of ap-
proximately 2. Arsine in hydrogen was used as the As source. Substrates used were
(100)2° — (110) oriented undoped CdTe, and also semi-insulating GaAs wafers of
the same orientation. Buffer layers of 2.5 um thick undoped CdTe was grown on semi-
insulating GaAs (> 108(1 cm), prior to the growth of the 4.5 um thick doped CdTe lay-
ers. Doping showed a linear relationship up to a concentration level of 2 x 1017 /cm3,
indicating good control of the doping. As the arsine flow is increased further, the hole

concentration begins to saturate.

The layers were characterized by photoluminescence measurements at 12K and by
Hall measurements as a function of temperature. A 300K mobility of 80 cm?/Vs was
measured for p-CdTe layers doped in the 3 x 10!% to 3 x 1016 cm™2 range. The ionization
energy of the arsenic acceptor was determined to be 62 + 4 meV, by means of variable
temperature Hall and resistivity measurements. It was also shown that the electronic
activity of the As incorporated is a function of the dimethylcadmium to diethyltelluride
partial pressure ratio in the gas phase. This is to be expected since the Te-vacancy con-

centration can be altered by this means.

A number of experiments were devised to obtain some insight into the mechanism
by which arsenic doping is so readily achieved in CdTe by OMVPE. In contrast, we note
that this has only been achieved by laser excitation in MBE. One critical experiment
which we have conducted was an attempt to dope CdTe using elemental arsenic which

has been pre-cracked. Here, we could not achieve a hole concentration in excess of 1 x
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10'%/cm3, regardless of the partial pressure of the As species (As; and Asy).

The situation for arsenic incorporation from arsine is quite different; in fact, care
must be taken to prevent excessive arsenic incorporation. Decomposition studies of this
hydride [K. Tamaru, J. Phys. Chem., 59, 777, 1955] have established that the rate lim-
iter is the removal of the first hydrogen atom, with subsequent hydrogen release being
more rapid. Studies of AsHs decomposition over CdTe have not been made; however,
results with AsHs over GaAs indicate that significant decomposition occurs at temper-
atures as low as 172°C, by a surface catalyzed reaction. One model for dopant incorpo-
1ation, therefore, is that AsH3 breaks down to AsHj; and is chemisorbed on the CdTe
surface, where further loss of the remaining two hydrogens results in its decomposition
to monatomic As. This Column 5 atom incorporates into Te (Column 6) sites which are
electronically favored over Cd (Column 2) sites. As a consequence, the As incorpora-
tion can be altered by changing DMTe overpressure during growth. Thus, increasing this
overpressure reduces the Te-vacancy concentration, resulting in a fall in the p-doping
concentration. We have demonstrated that this is indeed the case, with an inverse de-

pendence as predicted.

The situation with As, is probably quite different, since its incorporation as a p-
dopant would necessitate the substitution of one As atom into a Te-site, followed by
the breaking of the As-As bond. The bond strength of As-As is extremely large (92
kcal/mole) so that this is not readily achieved at growth temperatures. As a result, it is
entirely possible for the second As to be incorporated into a neighboring Cd site, where
it would behave as a triple donor, and compensate the CdTe. We conclude, therefore,
that it is necessary to provide atomic arsenic to the CdTe in order to promote is ready
incorporation into the CdTe lattice. The use of the hydride AsHj allows this to be done
in a convenient manner. A variety of arsenic alkyls can also be successful for this doping

process, provided their eventual decomposition is surface catalyzed to As-H. Tertiary-
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butylarsenic is a likely candidate for this reason; on the other hand, trimethylarsenic

would probably be a poor choice since it does not decompose to As-H.

An alternative model we have considered is that AsH3 and DMCd form an adduct
in the gas phase, and that this adduct is directly incorporated as a complex during the
growth of CdTe. This model would also explain the doping behavior of As in CdTe.
Certainly, mass spectrometric studies will be required before definitive conclusions can

be reached concerning these models.
2.2.3 n-Type Doping of CdTe

In our work during Year II, we demonstrated {10] that CdTe can be readily doped
to 2 x 107 /cm® with indium, using trimethylindium as the dopant source. Further work
along these lines was conducted in Year V, using trimethylindium. A maximum doping
level of 2 x 10'8/cm?® was obtained with this source. n-type layers, doped to 8 x 1015
cm™3, had a 300K Hall mobility value of 900 cm?/Vs and a 30K Hall mobility of 3500
cm?/Vs. This is comparable to values obtained for the best bulk CdTe with the same
doping level.

In these layers, indium is incorporated into Cd sites where it behaves as a donor, so
that all samples are n-type. By varying the Te/Cd ratio during growth, it is possible to
alter the Cd vacancy concentration and hence the indium incorporation. High values of

Hall mobility indicate that this material has a low degree of compensation.

Schottky diodes were made from these samples, using Au as the metal, and were in-
vestigated by Deep Level Transient Spectroscopy [11, 12]. A total of five trap levels were
detected, with four being presented in all of the samples. A study of the concentration
of these traps as a function of Te pressure has allowed three of these to be identified, as
the Cd vacancy, the Te vacancy and the Cd interstitial, at E. — 0.74 eV, E, — 1.15 eV

and E, — 0.65 eV respectively. An additional trap level at E, — 0.36 eV was also ob-
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served, but its nature was not identified. This is probably an indium-related complex
since it has been observed in bulk material which is indium doped as well. The fifth trap

level was only observed in one sample, and is probably a contaminant.
2.2.4 CdTe Devices

During Year IV, further work was done in developing techniques for p- and n-doping
of CdTe using AsH3; and (C,Hs)sIn as the acceptor and donor dopant sources respec-
tively. With both dopants, concentration levels up to 3 x 10!7 cm~32 have been obtained.

Extrinsic doped junction diodes have been fabricated by the successive growth of p-
and n-layers on InSb substrates. The diode structure consisted of a 3 um thick n-type
layer followed by a 3 um thick p-type layer, grown on an InSb substrate. Ohmic contact
to the p-type layer was made by electroless deposition of gold. The diode size was 0.7
mm x 0.7 mm [13, 14].

The I-V characteristic of diodes of this type show a breakdown voltage of 10V.
Room temperature capacitance-voltage (C-V) measurements on this diode show an effec-

tive doping concentration of 1 x 10'® cm~3

in the n-layer and a built-in voltage of 1.2V.
The p-doping concentration measured to be 1 x 1017 cm~3. These values for the dop-
ing give a theoretical value of 1.2V for the built-in voltage. Forward and reverse In(I)-V
measurements made on this diode show an ideality factor of 1.04 at a forward bias above
0.4V, and a saturation current density of 1.3x107!2 A/cm?. The reverse leakage current
was 10 pA. These values indicate that diodes of excellent quality can be made by extrin-

sic doping of CdTe layers. Light emission has also been measured from forward biased

extrinsic doped CdTe diodes made in our laboratory.
2.2.5 Growth of CdTe on GaAs

We have also studied the growth of CdTe on alternative substrates with a view

towards evaluating its suitability as an intermediate layer for the eventual growth of

16




HgCdTe. This research was stimulated by our observation that bulk CdTe substrates

are generally twinned in character, so that there is a need for an alternative substrate.

Although InSb is an excellent potential candidate, we chose GaAs an an alternative
substrate material because of its wider energy gap (E, = 1.51 eV at 77K). This material
is transparent to 10.6 yum radiation, so that semi-insulating GaAs can be used for detec-
tors which can be back-lit. A large lattice mismatch (=~214%) is present between GaAs
and CdTe (the lattice constant of GaAs is 5.653A4 at 27°C as compared to 6.482A for
CdTe). Nevertheless, epitaxial growth of high quality (100) CdTe layers on (100) GaAs

were demonstrated by us during Year I [15].

Electron channeling studies were undertaken to investigate the crystalline quality
and orientation of the grown layer. This technique is preferable to x-ray diffraction for
thin epitaxial layers, since it has a depth resolution of under 5004, whereas that of x-ray
diffraction ranges from 5 to 10 um. Typically, the grown layer in our experiments was
about 2.5 um thick. The electron channeling pattern for a 2.5 um CdTe layer grown at
350°C showed that the pattern is replicated with almost the same line sharpness, indi-
cating the excellent crystal quality of the CdTe. Finally, the grown layer is seen to be of
(100) orientation; i.e., it follows the substrate orientation. The orientation of the layers
grown at other temperatures was also confirmed to be (100) by observing Laue back-

reflection photographs, which also showed fourfold symmetry.

We have also shown that it is possible to grow (111) CdTe on (100) GaAs by mi-
nor changes to the cleaning procedure, and by raising the growth temperature. There
is no advantage to pursuing this approach, however, since the OMVPE growth of (100)
HgCdTe is considerably easier than for material of (111) orientation. The elastic strain
associated with the lattice mismatch in (100) CdTe/(100) GaAs heterostructures was
investigated by performing photoluminescence measurements as a function of CdTe

layer thickness. Estimates of strains, stresses and lattice constants were obtained from
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shifts near band edge photoluminescence features [16]. Biaxial compressive strains were
present in the CdTe layers, and their magnitudes were found to be larger than those ex-

pected from equilibrium models and from transmission electron microscopy results.

During Year II, transmission electron microscope studies were made of CdTe-GaAs
to determine the defect structure in this greatly mismatched (14.6%) system [17]. Here,
two significant results were obtained. First, the CdTe-GaAs interface was found to be
completely free of oxides or other interface layers, and comparable to that obtained with
MBE. This is an important result, since it shows that chemical cleaning in a flowing gas
medium is a viable alternative to thermal cleaning in an ultra-high vacuum environment.
Second, we found the expected array of misfit dislocations, about 314 apart. These were
accompanied by glide plane dislocations, with a dramatic fall-off in density after a thick-
ness of about 1.1 um. Although the precise nature of this fall-off has not been deter-
mined, we believe that the increasing compressive strain in the CdTe layer with thick-
ness reaches a point where dislocations are bent parallel to the substrate, and propagate

in the [110] directions in this plane.

The significance of this result is that relatively thin layers of CdTe result in HgCdTe
material of reasonable quality. Our work showed that the mobility of HgCdTe layers,
grown on a 2 um thick CdTe buffer layer, was comparable to that of bulk material. In
practice, however, this buffer should be made at least 4-6 um thick in order to achieve

good minority carrier properties, such as lifetime, in the HgCdTe material.
2.3 Growth of Zinc Selenide

Our effort on II-VI compounds was expanded in Year III to explore the growth of
ZnSe. This wide gap (2.7 eV) semiconductor is of technological importance because of
its possible use in the blue-green spectrum. n-type doping of ZnSe is readily achievable,

with Column III dopants such as aluminum. The possibility of achieving p-type doping
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has opened the door for the development of junction devices in this material.

An important characteristic of ZnSe is that it is closely lattice matched to GaAs.
As a result, pseudomorphic layers can be grown on GaAs to a thickness of about 1500A.
Below this thickness we can expect an interface which is relatively defect free, with an
absence of dislocations. Thus, it should be possible to greatly reduce the surface recom-
bination velocity (SRV) of the GaAs on which such layers are grown. This represents a
second important use for ZnSe layers. In fact, if inversion of the GaAs could be achieved
by this means, it would open the door to a true MOS technology for GaAs.

ZnSe was grown on GaAs by the reaction of dimethylzinc (DMZ) and dimethylse-
lenide (DMSe) at a temperature of 400°C and a system pressure of 200 Torr. For these
runs, the partial pressure of DMZ was 0.6 Torr, while that of DMSe was 1.0 Torr. Lay-
ers from 800-1800A4 were grown, with a growth rate of about 0.17 pm/hr. Thus, some of
these layers were thinner than the critical value for pseudomorphic growth (~ 12004),
whereas others were thicker.

The ZnSe layers were grown on both ntGaAs and semi-insulating GaAs substrates,
on which was previously grown an epitaxial layer of GaAs by a conventional OMVPE
process. Both n- and p-type GaAs layers were used, with a doping concentration of
about 2.5-3 x10!% ¢cm™3.

Photoluminescence studies were made of the GaAs using a system comprising of
an Ar-ion laser, a 3/4 meter spectrometer, and a photomultiplier with a liquid nitrogen
cooled S-1 photocathode. PL data was taken on the GaAs, and also on the GaAs with
a ZnSe cap layer. In all cases, the PL response on the ZnSe capped layers was from 100-
200 times larger than that on the bare GaAs, for cap layers of 800-11004 in thickness
[18]. The shape of the PL spectrum was, however, unchanged. On the other hand, there
was no improvement when 1800A layers (which are thicker than the critical value), were

used. Moreover, the results described here were quite reproducible. Removal of the ZnSe
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layer immediately eliminated the PL improvement, which was recovered by regrowth of
the ZnSe cap layer. The ratio PLz,5./Gaas/PLGaa, is taken to be indicative of good
interfacial properties of the ZnSe/GaAs heterojunctions. This ratio was found to be as
high as 190 at 300K. Similar experiments, using p-p* GaAs, resulted in a PL improve-
ment of 150 at 300K. The laser chopping frequency was varied between 90 Hz to 4000

Hz, with no change in these improvement factors.

The PL intensity from a sample is proportional to the total number of excess car-
riers generated. The excess charge associated with these carriers can be calculated by
solving the continuity equation with appropriate boundary conditions. We have used
this approach to solve for an epitaxial layer with front and back surface recombination
velocity (SRV) taken into account. By this means, the estimated front SRV is approxi-
mately 1-2 x10® cm/s. In the case of the p/p+ GaAs, (Case 3 in Table I), the observed
improvement ratio was 145, comparable to the n/n* case. Assuming a back SRV of
2 x 10% cm/s, we estimate the front SRV to be 1.5 x 103 cm/s. This result implies that
the observed intensity improvement caused by the ZnSe layer is not related to some sur-

face field alone, but results from improved interfacial properties.
2.4 Growth of HgCdTe

This was the central thrust of our research, and all of the work described in Sections
2.1 and 2.2 was carried out with this in mind [19-22]. Additionally, the effort described
in Section 2.5 was aimed at the characterization of this material.

Hg;-:Cd.Te, with z = 0.2 was the main focus of this program. Higher values of
z (0.2 to 0.3) were often grown, however, because of the relative ease with which they
could be characterized. This section outlines our work over the five-year period.

There are two aspects to this work. The first is the growth of HgCdTe with compo-

sition uniformity on lattice matched substrates. The second is the growth of this mate-
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rial on mismatched substrates. In both cases, a high degree of compositional uniformity

is required. We have worked on both of these tasks.

Growth of HgCdTe on lattice matched substrates is of importance in order to con-
duct scientific studies of this material, and to optimize the OMVPE growth process.
These studies can only be made if the material is of high quality. Initially, we used CdTe
substrates for this purpose. Here, the lattice mismatch (0.3%) between Hg;_,Cd,Te
with £ = 0.2 and CdTe will generate dislocations at the interface which propagate into
the epilayer. Alternative substrates, such as Cd;-,Zn,Te (w = 0.04) or CdTe,_,Se,

(v ~ 0.04), have been proposed, which are lattice matched to Hgo.0sCdo.2Te. The addi-
tion of either Se or Zn into CdTe also increases its hardness and reduces the dislocation

density of bulk grown substrates, so that these are inherently better starting materials

than CdTe.

The use of Se is advantageous over Zn since it has a distribution coefficient of about
0.97, compared to 1.31 for Zn. As a result, compositional control of the substrate is
maintained over larger boule lengths, so that CdTeSe is potentially a less expensive sub-
strate material than CdTeZn. For this reason, we have chosen CdTeSe substrates for our
research. Some work was, however, done with CdTeZn substrates as well since these are
more readily available. Moreover, some of the purity issues of CdTeSe have not been re-

solved at the present time.

HgCdTe was grown on 1 cm X 1 cm substrates, by the process we have outlined
earlier, using diisopropyltelluride as the tellurium source. Growth was carried out at an
estimated substrate temperature of 370°C, with a growth rate of about 3.5 um/hr.

Fourier transform infrared (FTIR) transmission spectroscopy was used to study the
compositional uniformity across the wafer. Initial measurements were made for us by
Texas Instruments (courtesy of Dr. Carlos Castro), with subsequent data taken on our

newly acquired FTIR system. Measurements show that layers have edge to edge compo-
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sitional uniformity (Cd fraction) of +0.002 (standard deviation = 0.0014) over a 1 cm X
1 cm area. The thickness uniformity of the layer is also excellent, better than +0.7 ym
for 12-um thick layers. Many layers have been grown with a composition of z ~ 0.2,
and the uniformity was found to be reproducible from run to run. Layers were grown on
both CdTe and CdTeSe substrates [1, 2|.

We believe that this is the first time such compositional uniformity has been demon-
strated over this large area, using conventional alloy growth techniques by OMVPE.
Layers of comparable uniformity have been grown using an interdiffused multilayer pro-
cess (IMP), where alternate layers of CdTe and HgTe are grown under optimized growth
conditions for each binary compound, and homogenized at the growth temperature
with an annealing step. The crystallinity of interdiffused HgCdTe has been shown to be
poorer than that of alloy grown HgCdTe, as determined by double crystal x-ray diffrac-
tion. This has been attributed to defects generated due to the lattice mismatch between
HgTe and CdTe, and to incomplete interdiffusion. Moreover, extrinsic doping of layers
grown by the IMP process is difficult because of the widely differing doping efficiencies of
CdTe and HgTe.

Double crystal diffraction measurements, made on these layers, confirm the advan-
tage of using CdTeSe substrates over CdTe. Typically, FWHM values of 4712 arc sec.
were obtained on CdTeSe, as compared to 151+15 arc sec. when CdTe substrates were
used. This improvement comes about because of two reasons. First, the CdTeSe sub-
strates had FWHM values of =14 arc sec., whereas CdTe substrates had values of about
32 arc sec. Thus, in addition to CdTeSe being a better lattice match to HgCdTe, its
crystal quality is superior to that of CdTe. We believe, however, that the significant im-
provement in the quality of HgCdTe layers grown on CdTeSe substrates is primarily due

to its better lattice match to the substrate.
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2.4.1 Growth of HgCdTe on GaAs Substrates

An important question that arises when HgCdTe is grown on a foreign substrate
is the doping of the layer from the substrate, either by interdiffusion or by vapor phase
transport. With GaAs, Ga is an n-type dopant in both CdTe and HgCdTe, so that dop-
ing by Ga from the GaAs substrate can be a potential problem. To investigate this pos-
sibility, we have performed SIMS studies of several CdTe layers grown at 350°C on GaAs
[23-25]. These measurements were done using oxygen icn bombardment and positive sec-
ondary ion spectrometry by Charles Evans and Associates. Here, we have found that,
within about 10004, the Ga concentration falls to below the background level and re-
mains constant at this value. SIMS measurements were also made on CdTe layers grown
at 350°C and held at 415°C for 75 min. under DMCd overpressure. This was done in
order to see the effect of keeping the above CdTe layer at a time and temperature asso-
ciated with HgCdTe growth. The interdiffusion distance was found to be very small, the
Ga concentration falling to below 1 x 10'% within about 0.5 um. Hence, we can conclude
that the Ga diffusion inte HgCdTe layers can be ignored if the CdTe buffer layer is at
least 0.5 pm thick. In practice, 4-6 um thick layers are usually grown.

We have grown (111) CdTe at 375°C on (100) GaAs substrates after a five minute
deoxidation step at 580°C. When these samples were heat treated at 415°C for one
hour, however, significant Ga diffusion was observed. Whether this diffusion is due to
the high temperature heat treatment step before the growth or because of the growth
of the CdTe is carried out at higher temperature (375°C vs 350°C) is not clear at the
present time. One possibility is that the high temperature heat treatment leaves a Ga
rich surface whi-h acts as a diffusion source during the 415°C anneal step.

HgCdTe layers have been grown on these CdTe buffer layers with £ ~ 0.2, and with
a series of buffers of variable thickness. In all cases, the electron mobility of the HgCdTe

layers steadily improved with increasing buffer layer thickness, until a buffer thickness
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of 2.5 um. Typically, a 77K mobility of 3 x 10° cm?/Vsec was obtained in these layers.
Buffer layers, 10004 thick, resulted in mobility values around 10,000 cm?/Vsec [24]. The
direct growth of HgCdTe on GaAs was also tried. However, this was discontinued after a

few runs, because of the poor layer quality resulting from this approach.

Growth of HgCdTe on GaAs was extended during Year III to the growth of wider
gap material with £ = 0.27, which is of interest for detectors in the 3-5 um range (26].
Results here were very similar to those obtained for z = 0.2. As before, the thickness
of the buffer layer had a pronounced effect on the mobility of the HgCdTe layers. Thus,
the mobility value rises until the buffer thickness is 2 um. The trend in mobility is simi-

lar to the results obtained for z = 0.2 layers described earlier.

The electron concentration of the HgCdTe was studied as a function of the buffer
layer thickness. A linear fall-off in carrier concentration was observed with increasing
buffer thickness. This fall in carrier concentration is to be expected if we ~onsider the
strain induced migration of Hg interstitials during growth. This causes a strong n-type
behavior in the layer, probably because the mercury diffusion occurs via charged defects.
The lower limit to this value is set by the residual impurities in the starting chemicals
and by the annealing process conditions. We found a value of 2 x 10'¢/cm? to be the

lowest for buffer layers in excess of 1.9 um thickness.

Our results indicate that bulk mobility can be approached as buffer layer thickness
exceeds 1.9 um. However, since this limitation is defect induced, it will be necessary to
grow considerably thicker buffer layers in order to obtain HgCdTe films with lifetimes
comparable to those on CdTe substrates. In practice buffer layers of 4-6 um are used, so

that these effects are essentially negligible.
2.4.2 Growth of Large Area HgCdTe

Growth of large area HgCdTe has been confined to 2" dia. GaAs slices, on which a
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CdTe buffer is grown prior to the growth of the HgCdTe. Here, our work has shown that
we can grow this material with a compositional uniformity of z = 0.2+0.005 over this
diameter, using a rotating pedestal susceptor.

There are two additional issues which are problem areas for HgCdTe/CdTe/GaAs.
The first of these is the overall growth morphology which is extremely featured. The
second is the formation of macro defects or hillocks. A number of approaches have been
used to attack these problems. Although they have been greatly reduced, the problems

are not solved at the present time.

Ridged features are greatly reduced if the HgCdTe layer is grown at reduced tem-
peratures. Our work with methylallyltelluride, a more easily pyrolyzable substitute for
DIPTe, has greatly helped in this regard. This work is outlined in the next section. In
addition, growth on misoriented substrates greatly reduces this morphology problem.
We have experimented with different misorientations, and find that there is a significant
improvement as we go from 0° to 8°, but much less with further misorientation. We cur-
rently use (100) GaAs which is 8° misoriented towards the (110), and this gives satisfac-

tory results.

Macro defects or hillocks are Cd-rich in character. Their incidence is reduced by
growth of the CdTe layer (not the HgCdTe layer) at elevated temperatures. In our ini-
tial experiments, the hillock density was in the range of 4000 to 5000 cm™2. Hillocks
became more pronounced and bigger in size as the buffer layer thickness was increased.
The elongated hillocks were aligned towards the (110) direction, irrespective of the sam-
ple orientation on the susceptor, indicating that they might be related to the misorienta-

tion plane of the samples.

As mentioned, growth of the CdTe at elevated temperatures reduces the hillock den-
sity but tends to result in (111) CdTe layers. This tendency can be effectively blocked

by the growth of an intervening ZnTe layer. Using this approach, we have reduced the
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hillock density by a factor of 10, i.e., to 400-500/cm?.

We have conducted many experiments along these lines in order to determine the
reasons for this improvement, so that it may be optimized. As yet, however, no com-
pletely satisfactory solution has been reached. One theory for the effectiveness of the
ZnTe layer is that it promotes two-dimensional growth on the GaAs. Yet, another is
that it represents an intermediate mismatch value (~7% to GaAs and ~7% to CdTe)
between GaAs and CdTe. Double crystal x-ray measurements, made on CdTe layers
growth with the ZnTe layer show that their strain (biaxial compressive) is reduced to

about 50% of the value obtained with direct growth of CdTe:GaAs.

Our work in this area was limited by the termination of the program, and is cer-
tainly far from complete. Nevertheless, we believe that a satisfactory solution of the
hillock problem will be essential to the fabrication of focal plane array devices on GaAs

substrates.
2.4.3 Low Temperature Growth of HgCdTe

The epitaxial growth of HgCdTe is difficult since this semiconductor is very sus-
ceptible to thermally induced defects at the growth temperature. Thus, significant im-
provements can be realized if growth is carried out at reduced temperature. Many ap-
proaches, using laser, UV and plasma excitation have been proposed for this purpose.
We believe that the approach of using Te alkyls, which are more readily cracked, is the
most promising one. Historically, diethyltelluride (DETe) was used for the OMVPE
of HgCdTe, at a growth temperature of 415°C, to achieve a reasonable growth rate
(around 3-4 pm/h). More recently, the use of diisopropyltelluride (DIPTe) has allowed
the growth temperature to be reduced to around 370°C, while maintaining this growth
rate. Other Te precursors such as ditertiarybutyltelluride and diallyltelluride have been

used to grow HgTe or CdTe at low temperatures (250-350°C). A disadvantage of these
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chemicals is their low vapor, which necessitates the use of heated bubblers and lines to

transport a sufficient amount of Te to the reactor.

A number of tellurium sources are available for the growth of HgCdTe at the
present time. During Years IV and V we have investigated the growth of HgCdTe us-
ing methylallyltelluride (MATe) as the tellurium alkyl. This source has the advantage of
relatively high vapor pressure (6.2 Torr at 20°C) so that it can be transported readily to

the reaction zone.

The epitaxial growth of HgTe and HgCdTe was carried out at reduced pressure (380
Torr) in a vertical reactor using MATe, DMCd, and Hg as the Te, Cd, and Hg sources
respectively. Both HgTe and HgCdTe layers were grown in the temperature range from
250-320°C, with growth rates comparable to those obtained at 50°C higher temperatures
using DIPTe (27, 28].

The morphology of HgTe layers grown at all temperatures was featureless, with a
notable absence of ridges which are usually observed when DIPTe or DETe are used as
the Te source chemicals. Growth at higher temperatures using MATe resulted in layers
with similar step features to those obtained using DIPTe. This confirms that the im-
proved morphology of layers grown by MATe is mainly due to the lower growth temper-
ature. The addition of DMCd to the growth environment, to produce HgCdTe, resulted

in further improvement to the morphology.

The crystal quality of HgTe epilayers was investigated by double crystal x-ray
diffraction, and tilt was observed between the epilayer and the substrate. This tilt was
measured to be an additional 60-150 arc sec away from the surface normal. Epilayer tilt
of this type has been observed in other lattice mismatched systems, but is generally not
seen when HgTe layers are grown at higher temperatures using DIPTe or DETe. This is
because growth at higher temperatures results in significant interdiffusion between the

HgTe epilayer and the CdTe substrate, causing a gradual change of the lattice constant,
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so that no tilt is observed.

Double crystal x-ray diffraction data was taken on thin (1.7 um) HgTe layers grown
on a CdZnTe substrates, which is a reasonably close lattice match to HgTe. Here, we
found that both the epilayer and the substrate have nearly identical x-ray full width
half maximum (FWHM) values (29 and 28 arc sec, respectively), indicating the excellent
quality of the epilayer that can be obtained by the low-temperature growth process. The
lattice mismatch between the substrate and the layer is estimated to be below 0.07%, as-
suming that the epilayer is in bilateral tension. The layer followed the exact orientation

of the substrate.

HgCdTe layers were also grown with MATe at 320°C. FTIR transmission data
showed sharp interference fringes, even for thin (1.3 um) layers, indicative of an ab-
sence of interdiffusion effects. Electrical measurements showed that the layers behaved
n-type with a carrier concentration at low temperatures of 2 x 10! cm® and a mobility
value of 40,000 cm?/Vs at 40K (for z = 0.23). The n-type behavior of this layer is at-
tributable to a number of factors. First, the use of a low growth temperature results in a
low concentration of Hg vacancies, which are acceptors. Next, the mismatch to the CdTe
substrate results in defects that are active and probably n-type. This effect would be re-
duced for lattice matched substrates. Finally, we note that the value of mobility is not
as high as that obtained when DIPTe was used, probably because the layer is heavily
compensated. We attribute this to the fact that MATe is a relatively newly develocped
Te source, and that it will be available in higher purity with the passage of time. As a

result, work with this chemical was not further pursued during this program.
2.4.3 p-Type Doping of HgCdTe

As grown HgCdTe is generally p-type due to the presence of native defects such as

mercury vacancies, provided that the residual (donor) impurities in the starting chem-
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icals are in very low concentration. In order to obtain layers with stable and control-
lable doping, it is necessary to introduce external impurities. Both group V elements,
which are incorporated on the Te sublattice, and the group I elements, which incorpo-
rate on the metal sublattice, act as p-type dopants. Group V elements are preferred
because they are much slower diffusion acceptors and hence can be used to form stable
device structures. However, doping of HgCdTe by group V elements such as Sb, As and
P has not been very successful by many growth methods. In our work, we have success-
fully doped HgCdTe p-type, using arsine gas as the dopant source [29, 30]. Layers were
grown as described earlier. In addition, arsine gas was introduced during the direct alloy

growth process.

Arsenic-doped layers were grown with p-doping levels from 3.5 x 10!% to 10!7 ¢cm™~3.
No evidence of surface inversion was observed in these doped layers, except for lower
doped samples, and at temperatures below 30K. The low temperature mobility values
remained constant at ~500 cm™2/Vs down to 20K and showed negligible change (<5%)
when the magnetic field was increased from 2.1 to 4.5 kG, indicating the absence of any
surface inversion. The high value of hole mobility observed here indicates that most of

the As is electrically active in the layer.

In order to determine the acceptor ionization energy and the acceptor doping con-
centration, the low temperature Hall coefficient curve was fitted to the theoretical model
assuming a fully ionized donor N4 and a single acceptor N, at E, above the valence
band. The activation energies obtained from this fit were compared to values for the
Column II acceptor. In general, the ionization energy for the mercury acceptor was

found to be a factor of 2 higher than that for the arsenic, for comparable doping levels.

Isothermal annealing was carried out in order to annihilate the excess mercury va-
cancies. The annealing was performed for 15 hours at 270°C, in a sealed quartz ampoule

in which a small amount of Hg was placed. For these experiments, uncapped, doped
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HgCdTe layers were grown side by side, in the same run. The as grown layer had a p-
type carrier concentration of 3.7 x 101® ¢cm~3. The second layer, annealed in a Hg-rich
ambient as described above, had a measured carrier concentration of 4.3 x 1016 cm~3.
The small increase observed here as most probably due to the nonuniformity in the dop-

ing of the adjacent layers. However, increased activation of As cannot be ruled out.

SIMS measurements on these layers, provided by Dr. G. Scilla of IBM, confirmed
the presence of arsenic in these layers. In addition, the SIMS count was seen to be lin-
early related to the arsenic concentration, well into the saturation region. This unusual
result indicates that saturation of the p-concentration with increasing AsHj is not due
to the incorporation of As into neutral or compensating sites. Rather, the surface cov-
erage of the arsenic limits with incrga.sing AsHj; flow. The high mobility of these layers,
well into the saturation region (400 cm?/Vsec for a doping of 1 x 107 /cm3) is a direct

consequence of these observations.

As-doping was also found to increase, approximately linearly with Hg overpressure,
by up to a factor of 4. This strongly suggests that the arsenic is in Te-sites, and that
HgCdTe material, doped in this manner, is uncompensated [31]. Details of this work are
provided in Appendix A.

We have also made a number of arsenic doping experiments with both CdTe and
HgTe, in order to understand the physics of dopant incorporation, towards the end of
Year V of this program. Our results are of a very preliminary nature, but indicate that
the doping efficiency for CdTe is approximately 200 times that for HgTe, for our set of
growth parameters. Reasons for this large difference are not understood at the present

time.
2.4.4 n-Type Doping of HgCdTe

n-type doping is readily accomplished in HgCdTe. Here, both Group III elements,
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incorporated on a metal sublattice, and Group VII elements on the Te sublattice, behave
as n-type dopants. Group VII dopants are undesirable in OMVPE growth because of
possible reaction with alkyls. Of the Group III dopants, In is preferred over others since
it is a slower diffusing species, by a factor of more than 10. In our work [32], we have
used triethylindium, trimethylindium (TMIn) and elemental indium as dopant sources,
with qualitatively similar results. The work to be described now was carried out using

TMIn as the dopant source.

HgCdTe layers were grown as described previously, with the hydrogen flow through
the dopant bubbler (held at 20°C) used to provide a partial pressure of TMIn over the
range 3 x 1077 to 1.5 x 10~% atm. Controlled n-type doping, with a linear variation
of electron concentra'mtion with flow through the TMIn bubbler, was achieved using this

approach.

Hali measurements were made with magnetic field strength values from 0.5 to 6 kG
during the course of this study. In all cases, the Hall coefficient showed classical extrinsic
n-type behavior over the entire 300 to 10K temperature regime, and was independent of
the magnetic field strength. In two experiments, the carrier concentration was estimated
to be 5 x 10'® cm™3 for the layer with z = 0.28 and 3 x 10'® cm ™3 for the layer with
z = 0.23. The low temperature mobility values, of 3.3 x 10* and 7.3 x 10* ¢m?/Vs for
cadmium compositions of 28% and 23% respectively, are consistent with these carrier

concentration values.

The linear dependence of the donor concentration on the dopant flux, combined
with the high values for mobility, implies an electrical activation of almost 100% for the
indium incorporated in the layers, until a doping level of 4 x 10'® cm™2 is reached. At
higher values of the dopant flux, however, it is possible that indium gets increasingly in-
corporated in electrically inactive form as In;Tej, as has been reported for In doping of

bulk HgCdTe in the melt.
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The wave number corresponding to an absorption coefficient @ = 500 cm™! was
measured in these samples at room temperature, and the optical energy gap E, deter-
mined from its value. E, remained constant, at ~200 meV, for doping concentrations
up to 1 x 107 cm~3. However, E, increased to 350 meV for an electron concentration
of 3 x 10!8 cm™3. This change in E, can be interpreted as an increase in z from 0.23
to 0.3. Similar shifts in the composition were reported for the interdiffused multilayer
process, where a change in = from 0.27 to 0.4 was observed when the TMIn partial pres-
sure was increased from 10~¢ atm. to 1.3 x 10~% atm. It is possible that z changes with
doping concentration due to relative changes in the effective growth rates of the HgTe
and CdTe components of these layers. Alternatively, the increase in E, can be accounted
for the by the Burstein-Moss shift with doping concentration, that has been observed in

bulk HgCdTe.

In order to resolve this issue, EDAX measurements of a number of layers were made
for us by Dr. H. Schaake of Texas Instruments, to obtain a direct measure of the Cd
fraction. These measurements confirm that the shift in optical bandgap can be closely
predicted by the Burstein-Moss shift. Thus, within the accuracy of our measurement
method, there is no change in the HgCdTe composition with n-type doping. Details of

this work are provided in Appendix B.
2.5 Characterization

Characterization is an important component of any program of materials research,
since it provides the necessary information which can be used to modify the growth pro-
cess. During the course of this program, as our growth techniques became more routine,
we developed a greater need to improve our characterization methods, and increased our
effort on this phase of the program. Currently, a number of characterization tools have

been acquired/developed for our work. Some of these are now detailed.
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Fourier Transform IR Spectroscopy is a valuable tool for the measurement of layer
thickness and composition; this tool was acquired during the early phase of our program.
Our instrument, a Mattson Cygnus 100, is computer controlled so that measurements
can be made at as many as 100 points over a 1 cm x 1 cm sample. Both composition
and layer thickness can be determined with this instrument.

Layer thickness of HgCdTe films grown on CdTe/GaAs are complicated by the fact
that three different refractive indices must be considered. A computer program has been
written to analyze the complex fringe structure which is obtained under these condi-
tions.

Double crystal x-ray diffraction, using (004) reflections, was acquired in order to
measure layer quality. We have also developed methods for taking low angle measure-
ments, using (115) reflections. This is useful for very thin layers, and also for corroborat-
ing strain measurements of HgCdTe films. Computer codes have been written to simu-
late rocking curves in the presence of strain, and allow a detailed analysis to be made of
the x-ray data.

Hall effect measurements give a quick idea of both crystal quality and background
concentration. For n-type samples, measurements at a few points from 10-300K can pro-
vide enough data for sample evaluation. p-type samples, on the other hand, require a
detailed plot over this temperature range. Moreover, anomalous results often arise, espe-
cially in lightly doped, low z layers which are subject to surface inversion.

During this program we completely automated our Hall effect system so that it is
now under full computer control. This has greatly improved our data acquisition capa-
bility. In addition, a number of computer programs have been written for p-HgCdTe,
since the results of the Hall measurements can best be evaluated by fitting the data to a

two layer model, with an n-type surface inversion layer.
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2.5.1 Annealing Studies

Our first task on this five-year effort was the development of HgCdTe with a high
degree of compositional uniformity. This has been achieved on a routine basis; as a re-
sult, the emphasis during Years IV and V has shifted to establishing material purity. An
extensive series of annealing experiments have been carried out with this end goal.

Typically, our as-grown layers, which are p-type with carrier concentrations around
3-4 x10'¢/cm® due to mercury vacancies, become light p-type with carrier concentra-
tions around 1-2 x10'5/cm? after Hg saturated annealings at temperatures in the range
of 200-300°C. These conditions are usually sufficient for the complete annealing of bulk
Hg;_.Cd,Te to n-type, but are inadequate for thin epilayers, grown by OMVPE as well
as by LPE and MBE.

During our work, we have developed a new annealing technique which allows suc-
cessful conversion of these layers to n-type {33]. We have found that the as-grown layers
are converted to n-type, with carrier concentration of approximately 5 x 10'4/cm?3, by a
higher temperature anneal around 270-290°C, followed by a low temperature anneal at
220°C.

All layers grown for our annealing studies were capped with a 0.5-1.0 um thick lay-
ers of undoped CdTe which was grown in the same reactor run. This cap serves two pur-
poses. First, it prevents an unintentional annealing of the HgCdTe layers during cool -
down after the layer growth. Second, it inhibits the formation of an inversion layer on
the HgCdTe surface, which can affect the Hall characterization of as-grown p-type layers.
Cap layers were removed just prior to the annealing by means of a short etch consist-
ing of 1% Br in methanol. The epilayer thickness was determined from the interference
fringes in the sub-bandgap regime of the IR transmittance curve. The bandgap of the
layer was taken to be the energy at which the absorption coefficient of the material is

500 cm~!, and then used to determine the alloy composition.
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After cap removal, samples were rinsed in methanol, dried with nitrogen, and loaded
in an aqua regia cleaned quartz ampoule with mercury of 99.99999% purity. The am-
poule was evacuated to 10~7 Torr using a turbo-molecular pump equipped with a liquid
nitrogen trap, and sealed using an oxy-hydrogen flame. All annealings were carried out
with the sample kept 2°C warmer than the Hg reservoir, to avoid Hg from condensing
on them. This prevented any surface deterioration during the anneal and sample sur-
faces showed no sign of damage. The annealed samples were characterized by van der

Pauw techniques without any further surface treatment.

A number of samples showed anomalous behavior. This comes about because of an
n-type surface accumulation layer on the p-epilayer. The fact that there is indeed a p-
type layer with surface inversion was verified by sulfidizing these samples in an anodic
bath. This anodic sulfide results in a low concentration of fixed positive charges and
reduces the inversion layer to the point where p-type behavior is restored. Eventually,
parameter extraction is performed by computer simulation Details of this work are pro-

vided in Appendix C.

The presence of an electron accumulation layer on the surface of n-type
Hg,_,Cd;Te causes the measured Hall mobility and carrier concentration to be signif-
icantly different from the actual bulk values. This discrepancy is not readily apparent
in the temperature dependence of the Hall coefficient, Ry, since the data does not show
any obviously anomalous behavior. However, it is observed in the magnetic field depen-

dence of the Ry.

In one set of experiments, the B-field dependence of Ry, in the 0-5 kG range, was
analyzed to extract the actual concentration and mobility of the bulk and surface carri-
ers in Hg, _,Cd,Te layers grown by organometallic vapor phase epitaxy. The bulk pa-
rameters thus calculated were verified by passivating the surface of these layers using an

anodic sulfide to reduce the concentration of surface electrons. Here, interpretation of
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Hall data which ignores the effect of surface electrons resulted in a measured carrier con-
centration of 8 x 10'*/cm3® and a mobility at 30K of 188,000 cm?/Vsec. The presence
of the surface electrons in this sample became evident when the Ry was found to vary
with the B-field. Computer analysis was undertaken for this sample, based on a model
which includes both surface and bulk carriers. Now, the bulk carrier concentration was
calculated to be 5 x 10'*/cm® with a mobility of 269,000 cm?/Vsec at 30K. The sur-
face carrier concentration was calculated to be 5.2 x 10!!/cm? with a mobility of 25,000
cm?/Vsec at 30K.

To verify that the bulk parameters extracted by this technique are indeed the true
values, and that the B-field dependence of the Ry was indeed caused by the effect of
surface electrons, the layer was surface passivated using anodic sulfide and the Hall mea-
surements were repeated. The variation in Ry with the B-field was again fitted using
the two carrier model, with a bulk carrier concentration of 5 x 10*4/cm?® and a mobility
of 269,000 cm?/Vsec, along with a surface carrier concentration of 1.1 x 10'! /cm? with
a mobility of 28,000 cm?/Vsec. Note that the bulk carrier parameters were the same as
before; however, the surface carrier concentration is now a factor of 4-5 lower due to the

sulfidization.

Details of this work are provided in Appendix D.
2.5.2 Lifetime Measurements

This is the single area in which we have the greatest need for materials characteriza-
tion, and simultaneously the greatest weakness. Two approaches have been developed
during the course of this program. The first of these involves the fabrication of pho-
toconductor devices, from which the lifetime can be extracted by taking steady state
photo-response measurements. Although simple in principle, this approach is fraught

with experimental difficulties, so that only a few devices are useful for characterization
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purposes.

A mask set was made to allow the fabrication of 16 devices simultaneously in view
of the low yield of this process Both photolithography and sample delineation techniques
have been developed for this purpose. Mounting of the chip to a cold finger in a dewar,
and connection of the devices to the outside world, is the next step. Techniques for do-
ing this have also been developed. Finally, a calibrated IR source, and the associated
equipment (choppers, lock- in amplifiers, and monochromators) have been assembled in
order to take these .aeasurements. Using this approach, we can make spectral response

measurements of our material, from which the minority carrier lifetime can be obtained.

We have explored a number of surface coatings for this purposed of making device
measurements. Of these, our greatest success has been the use of a sulfidization methods
for passivating the HgCdTe surface. This method is a modification of the one proposed
by Nemirovsky et al. We have found it especially suitable for p-type layers and are using
it for lightly doped HgCdTe. The sulfidized layer, which is essentially CdS, is not suit-
able by itself as the insulator of an MOS structure. Consequently, it is covered with an

evaporated ZnS cap prior to the evaporation of gold dots for making the MOS structure.

The second approach is an extremely powerful one, which we have investigated dur-
ing Year IV and V. This approach, developed by Prof. J.M. Borrego at Rensselaer, con-
sists of measuring the microwave reflectance of a sample under transient illumination.

In this system, a Gunn diode is used to generate 150 mW of power at ~36 GHz. This
power is delivered via a hybrid tee to the sample, which is placed on a conductive short-
ing plane, ~1 mm away from the tip of the antenna. The area irradiated by this antenna
is approximately 1 mm x 1 mm. The reflected signal from the sample is collected by

the antenna and detected by a crystal detector. The reflected power is prevented from
affecting the load seen by the oscillator, by means of an isolator. Thus the oscillator out-

put power remains stable. The sample is also illuminated locally by an AlGaAs laser,
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with a spot area of 0.1 mm x 0.1 mm. The fall time of this laser is 3 nsec. This limits
the lowest lifetime which can be measured by the system.

The induced photoconductivity modulates the microwave power reflected at the
samples and this serves as the probe for the excess carrier decay. The reflected mi-
crowave signal is detected by a fast responding crystal detector, the output of which is
a voltage proportional to the incident microwave power at the detector. The output sig-
nal of the detector is proportional to the excess carrier density. The change in reflected
microwave power for higher dopings and low lifetimes is small and hence amplification of
the signal is required. To obtain a faithful reproduction of the photoconductivity tran-
sient a large bandwidth (0.1 to 1300 MHz) a.c. amplifier is used. The transients are
viewed on a Tektronix 2432A digital oscilloscope. The bandwidth of the scope is 300
MHz for repetitive signals. The signal to noise ratio is improved by averaging as many
as 256 acquisitions using this scope. The time constant of the decay of the transient re-
flected microwave power can be shown to be the effective lifetime of carriers in the semi-
conductor.

Our early work with the system shows that it is an extremely powerful tool for life-
time measurements, since it is nondestructive, and can be used rapidly to probe small
regions of a large area sample. Moreover, it can be used for studying the behavior of
different surface passivations, as well as for making basic studies of the recombination
process.

The system, in its present form, was not designed for use with HgCdTe, and many
changes will be required in order to optimize it for this purpose. At the present time
it is only capable of being operated at room temperature, so that its adaptation to
HgCdTe will necessitate its installation in a cryostat. Additionally, its frequency of op-
eration, 35.5 G{z, is not optimum for this semiconductor. Changes here, if made, would

have to be of a major nature.
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3. UNSOLVED PROBLEMS

Over the last five years, there has been much progress in the epitaxial growth of
HgCdTe for focal plane array applications. This report has outlined our contribution to
this area. It is appropriate, therefore, that we conclude with a list of some of the prob-
lem areas which still have to be addressed.

e Composition Uniformity: This problem has been solved for 2" dia., single slice
growth. Clearly, extensions to 3" dia. are necessary since most available GaAs sub-
strates are now of this diameter (with 4" coming on stream). In addition, multiple
slice reactors are not successful at the present time.

There is a serious need for computer simulation in this area. The problem is not
in the development of codes, however. Rather, it is in an understanding of the reaction
chemistry, which is not forthcoming at the present time. This is necessary before any
code can be used with success, regardless of its sophistication.

¢ Run-To-Run Repeatability: This, we believe is a solvable, engineering problem. The
use of an automatic Hg level in the reservoir, with a load lock system, is necessary
to obtain this feature.

e Morphology and Hillocks: These problems have not been solved at the present time.
We have outlined our progress in this report, but much more effort will be required
before they can be eliminated.

e Low Temperature Growth: The use of new alkyls, such as MATe, is very promising.
However, improvements will be required in their purity in order to be useful. Once
an alkyl is identified (and MATe may not be the ideal choice), then techniques will
have to be developed to obtain both p- and n-doping at these reduced growth tem-
peratures.

e p- and n-Doping: We believe that these issues are essentially understood, for the

dopants and tellurium source (DIPTe) we have selected. However, alternative
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dopants (e.g., As vs. P vs. Sb) should be explored to determine their advantages
and disadvantages. Moreover, there are many choices for dopant sources, based on
toxicity, vapor pressure, and controllability. Although toxic, arsine gas is an excel-
lent source of arsenic, because of its ready availability in a wide range of dilutions.
Tertiarybutylarsenic is a less toxic source and will probably be a suitable alterna-
tive. The choice of TMIn, however, places undue burden on the chiller and the mass
flow controller, because of its relatively high vapor pressure. Thus, TEIn would be a
better (but not necessarily the best) choice for these reasons.

e Characterization: Minority carrier lifetime measurements are the most difficult to
make; yet, they are the most important for determining the quality of the starting
material. Here, a noninvasive technique, such as time domain micrcwave reflectance
spectrometry, has a great advantage over others in that it provides rapid materials
evaluation and can be used for making improvements to the growth process.

e Structural Evaluation: We have used double crystal x-ay diffraction for this pur-
pose. Techniques for evaluating precipitate density and dislocations (such as se-
lective etching and TEM) will be necessary to effect further improvements in the

grown material.

The above list is by no means complete. However, in the course of our work, these
are the items which we have identified as problems in the way of successful application

of HgCdTe technology for focal plane array devices.
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ABSTRACT

The effect of Hg partial pressure on arsenic doping of HgCdTe is studied. It is
found that control of Hg partial pressure is very important in obtaining reproducible
doping, and use of high Hg pressure is the key to obtain heavily doped layers. Typically,
a factor of 4 increase in the partial pressure of Hg is found to increase the acceptor con-
centration by this same magnitude. In addition, arsine doping results in almost uncom-
pensated layers, even though high concentration of Hg vacancies are present. A mecha-
nism is proposed by which As is incorporated as a Cd-As complex, so that it substitutes

preferentially on Te sites.




INTRODUCTION

The fabrication of stable p-n junctions in mercury cadmium telluride requires a p-
type dopant that will be slow diffusing during subsequent device processing. HgCdTe
layers grown by organometallic vapor phase epitaxy (OMVPE) are generally p-type [1]
due to the presence of Hg vacancies, but these are fast diffusers. Hence, it is necessary
to use external impurities to obtain stable p-type layers. Both Column I and Column
V elements can be used as the p-type dopants, but Column V dopants are preferred be-
cause they have low thermal diffusivity {2, 3]. Group V elements, when substituted into
Te sites, will behave p-type, but will be donor-like if incorporated on Hg sites. Hence,
it is of concern that group V elements may substitute Hg sites to a significant concen-
tration, and compensate the Te-substituted acceptors. In fact, arsenic (as well as other
Column V species) doping has been unsuccessful in the liquid phase epitaxy of HgCdTe
grown from a Te-rich melt, because some arsenic incorporates in Hg sites, resulting in
heavily compensated layers {4]. In molecular beam epitaxy, doping using solid sources
of As and Sb, has not resulted in p-type layers [5]. However, we have shown that it is
possible to dope HgCdTe using arsine [6], even though it growth by OMVPE occurs un-
der Hg-deficient conditions with a high concentration of Hg vacancies (mid 10%% - mid
10'%), as compared to Te vacancies. In this paper, we present a study of the effect of Hg

pressure on the doping and propose a mechanism to explain the arsine doping process in

HgCdTe, grown by OMVPE.

EXPERIMENTAL:

HgCdTe layers were grown at 370°C in an atmospheric pressure, horizontal reac-
tor using diisopropyltelluride, dimethylcadmium (DMCd) and elemental mercury. Sub-
strates were 2° misoriented (100) CdZng o4 Teg o6, which is closely lattice matched to the
epilayer. The thickness of Hg,_,.Cd,Te layers reported here was ~ 7um, and the al-

loy composition z was in the range 0.27-0.31. A cap of CdTe layer, approximately 1 um

3




thick, was grown on the HgCdTe as a passivant layer. A 500 ppm mixture of arsine in
hydrogen was used for doping purposes.

Hall measurements were made over the temperature range 10-300K, with a mag-
netic field from 0.5-6.0 kG. Measurement at low temperature and at different magnetic
fields was necessary to make sure that a surface inversion layer is not present. In those
cases where a surface inversion layer was present, especially in low doped annealed layers
without a cap, a two-layer model was used to curve fit the experimental points to obtain
the true hole concentration (7, 8].

Secondary Ion Mass Spectrometry (SIMS) was employed for determining depth dis-
tribution profiles. A CAMECA 4f instrument was used in this study. Primary 3207 ions
accelerated to 8.5 KeV were used for sputtering the samples, and positive secondary ions
were monitored. Depth calibration Wa.s carried out by determining sputtering rates from

crater depth measurements, made on a Tencor Instruments Alpha Step 200.

RESULTS AND DISCUSSION:

Figure 1 shows the acceptor concentration measured as a function of arsine flow, for
arsenic-doped layers grown lattice matched on CdZnTe substrates. The measured dop-
ing concentration is seen to increase from 8 x 10'% cm™2 to 9 x 10!¢ as the arsine flow
was increased from 10 to 250 sccm. The mobility of these films was in the range 400-600
cm?/Vs range at low temperature. As the arsine flow was increased, the layer became
HgTe rich, necessitating adjustment of the dimethylcadmium flow to obtain the same
composition. Increasing the arsine flow beyond 250 sccm did not increase the doping
concentration. Also shown is the result reproduced from Ref. 6 where GaAs substrates
with 2 um thick CdTe buffer layers were used as the substrate. Consistently, a factor of
2 to 4 higher doping level is achieved when lattice matched CdZnTe is used as the sub-
strate. We believe HgCdTe grown on GaAs is more defected and As segregation in its

defect sites is the main reason for this difference.




Arsenic in HgCdTe was found to be very stable, after low temperature isothermal
annealing in a Hg-rich ambient. Figure 2 shows the Hall coefficient as a function of tem-
perature for two samples, grown side by side, during the same run. Sample (O) was an
as grown layer and sample (A) was annealed under Hg overpressure at 270°C for 16
hours, followed by 220°C for 10 hours. Both samples show almost identical behavior,

which suggests that arsenic is stable under this heat treatment process.

Secondary Ion Mass Spectrometric (SIMS) measurements were made in order to
establish the presence of As in the layer. Figure 3 shows a typical SIMS profile of a
HgCdTe layer grown with 50 sccm of arsine flow. The measured carrier concentration

is 4.5 x10!® ¢m~3, and shows clearly the presence of incorporated arsenic.

In order to study the site occupation of As in HgCdTe, layers were grown under two
different Hg partial pressures (Pg,), 0.03 and 0.008 atm. For each value of Hg partial
pressure, an undoped and two arsine doped layers were grown. The arsenic flow rate for
these two layers was 25 and 125 scem, corresponding to arsine partial pressures of 1.2

x1075 atm. and 6.0 x10~5 atm. respectively.

The results on undoped layers were used to obtain the background donor concen-
tration Np, after annealing in an Hg environment. From this study, and from measure-
ments on a number of previous undoped layers, the background donor concentration was
estimated to be about 3 x10'% cm™3. The exact value of Np is not very significant, be-

cause the p-type concentration with arsine doping is in the 10° to 107 cm ™3

range.
However, it is important to note that the background donor concentration is in the low
10'5 ¢m~? range.

All the As doped layers were analyzed after a two-step isothermal anneal (270° for
16 hours, followed by 220° for 10 hours) under Hg-rich conditions, so that eventually the

net acceptor concentration due to As could be determined. We have confirmed that this

two-step anneal results in n-type layers, so that essentially all the Hg vacancies are anni-
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hilated. van der Pauw measurements were made on these layers and the results are sum-
marized in Table 1. Here, the total acceptor concentration N, is obtained by assuming
the donor concentration to be about 3 x10!% cm™3, the same as that measured in the
undoped sample. Moreover, we assume that the incorporation of any residual donor im-
purities is not affected by the arsine flow or by a change in Hg pressure. Figure 4 shows
that the total acceptor concentration increased roughly in proportion to Pg,. For the
samples grown with 125 sccm arsine flow, a factor of 4 increase in Py, resulted in an in-
crease in N 4 by a factor of 4, and similar results hold for samples grown with 25 sccm
arsine, considering the uncertainty in the measurement of low doped samples. This sug-
gests that there is negligible compensation in the As doped samples. This can be shown

as follows.

We first assume that [9} V7. a Pyg, and that Vi, o 1/Py,, where Vr, and Vg,
denotes concentrations of Te and Hg vacancies respectively. If arsenic incorporates only
into vacant tellurium sites, then a 4 fold increase in Py, will result in a 4 fold increase
in total p-doping in the layer, as we have seen here. On the other hand, if As incorpo-
rates into both Te and Hg sites, then a 4 fold increase in Py, will result in more than a
4 fold increase in total p-doping in the layer. This is because the compensating As in Hg

sites is reduced by 4 fold when Py, is increased.

One conclusion we draw from this study is that As does not get incorporated into
Hg sites, even though a high concentration of Hg vacancies is present during growth. We
propose that the incorporation mechanism for As involves the co-adsorption of DMCd
and AsHj; on the growing surface. Here, the decomposition of DMCd to Cd occurs
rapidly [10], followed by the formation of a Cd-As complex. When incorporated into
HgCdTe in this form, As is preferentially located on Te sites. Based on this mechanism,
the As doping level should depend on the z value, with a high doping concentration in

CdTe and almost no doping concentration in HgTe. Indeed, we have seen that 4 sccm

6




of arsine is sufficient to dope CdTe p-type to the 5 x10'® ¢m™~3 level, whereas 125 sccm
arsine is necessary in order to obtain the same doping level in HgCdTe with z = 0.3.

As shown in Fig. 1, a saturation effect in the doping level is seen when arsine flow
is increased beyond 50 scem. For a fixed Hg partial pressure, this doping level is deter-
mined by the concentration of Te-vacancies. Since the V. concentration can be varied
by changing the Hg pressure, we were able to dope HgCdTe to as high as 7 x 107 cm~3,
by increasing the Hg pressure during growth. At higher arsine flow, the layer shifts to
HgTe rich, presumably due to the pre-reaction of dimethylcadmium with arsine. This

depletes dimethylcadmium available for growth.

CONCLUSION:

The effect of Hg pressure on As doping of HgCdTe was studied. It was shown that
a high partial pressure of Hg is important to obtain heavily doped layers. In addition,
arsine doping results in almost uncompensated layers, even though a high concentration
of Hg vacancies is present. We propose that this is due to a mechanism by which As gets
incorporated, probably in the form of a Cd-As complex, resulting from the co-adsorption
of DMCd and AsHj,. Saturation effects in the doping concentration can be explained
using the above mechanism. The presence of As is established using SIMS studies. An-

nealing for many hours at low temperature shows that As is a stable p-type dopant in

HgCdTe.
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Figure 4. Total arsenic doping level as a function of Hg partial pressure.
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Arsine Flow Py,
sccm.

25 0.03
25 0.008
125 0.03
125 0.008

TABLE 1

Net Acceptor Concentration,
Na-Np (cm's)

1.5 x 1016

nearly intrinsic

6 x 1016

1.3 x 1016

11

Total Acceptor Concentration,
N4 (em™3)

1.6 x 1016
3 x 1018
6.3 x 1016

1.6 x 1016
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ABSTRACT

N-type doping of mercury cadmium telluride was achieved using trimethylindium
as the dopant source. The layers, grown by the alloy growth technique, were doped to
~ 5 x 10'8 ¢cm~3. The donor concentration in these layers was found to exhibit a linear
dependence on the dopant partial pressure over the carrier concentration range from 5 x
10'° to 3 x 10'® cm™3.

Reasonably high electron mobility values were observed in these indium doped lay-
ers. Typically, layers with a Cd fraction z = 0.23, doped to 3.5 x 10'® cm™~3, exhibited a
mobility value of 7.5 x 10* cm?/Vs at 40K. High electron mobility values, measured over
the entire doping regime, suggest a high electrical activity of indium in these layers.

The optically measured band edge in these indium doped layers was observed to
shift to higher energy with increased doping. The band edge energy values measured in
1x10'7 and 3x10'® cm~2 doped layers correspond to z = 0.23 and z = 0.3, respectively.
This increase can be due to an increase in Cd fraction, or to a Burstein-Moss shift of the

bandedge with doping.




Mercury cadmium telluridc layers, grown by organometallic vapor phase epitaxy
(OMVPE), have shown considerable promise for use in far infrared detector applica-
tions in recent years'~3. Layers with uniformity in composition and thickness that are
required for present day device structures can be grown by this method*®. In order to
obtain device structures with n- and p-type controllable doping, that are stable under
thermal processing, it is necessary to introduce external impurities and not rely upon

electronically active defects, which are relatively mobile during subsequent processing.

Both group III elements, incorporated on the metal sublattice, and group VII ele-
ments on the Te sublattice®, behave as n-type dopants. Group VII dopants have been
used in bulk and vapor phase epitaxy layers’-3, However, the strong chemical reaction
between the halides and the organometallic precursors makes their use in OMVPE ex-
tremely difficult. The electrical activity of group III elements has been conclusively es-
tablished in several growth techniques such as bulk and liquid phase epitaxy®®°. Of these
elements, In is preferred over others since it is a slower diffusing species!?, by a factor of

more than 10.

Indium doping of HgCdTe layers, grown by the interdiffused multilayer process
(IMP) has been reported previously!!. However, the doping uniformity through these
layers depends on the relative incorporation efficiencies of In in CdTe and HgTe, and has
not been established. The doping characteristic in these layers showed a very abrupt in-
crease from 3 x 10!¢ to 3 x 10'8 ¢cm™3, with changes in the partial pressure of the In
species. This makes it difficult to control in the intermediate range using this approach.

In this paper we report, for the first time, on the doping characteristics of indium in
Hg,_.Cd.Te grown by the direct alloy technique, which does not involve the interdiffu-
sion of sequential layers of HgTe and CdTe. Controllable indium doping was achieved at
a growth temperature of 370°C by using a trimethylindium (TMIn) source in the bub-

bler mode.




Hg;.:Cd.Te layers were grown in an atmospheric pressure, horizontal reactor using
elemental mercury, dimethylcadmium (DMCd), and diisopropyltelluride {DIPTe). The
alloy growth method was used in which Hg, Cd and Te sources are introduced simultane-

ously into the reactor. TMIn was used as the dopant source.

Substrates were (100) 2° — (110) oricnted semi-insulating GaAs. They were cleaned
in hot organic solvents, followed by a 10 minute etch in H,S04:H202:H20 (10:1:1), re-
sulting in a removal of about 15 um of material. Next, a 2.5 um thick CdTe buffer layer
was grown at 350°C, using partial pressures of 1 x 10~*% atm. and 2 x 10~* atm. for
DMCd and DIPTe respectively. Previous studies have established that this thickness is
sufficient to accommodate the 14.6% lattice mismatch between GaAs and CdTe, so that
subsequent HgCdTe layers are comparable in quality to those grown on bulk CdTe!2.
The HgCdTe layers were grown at 370°C and were typically 6 um thick. This was fol-

lowed by the growth of a 1 um thick CdTe cap.

Typical values of the reactant partial pressures were Py, = 0.03 atm., Ppaprca =
9 x 107% atm. and Ppspre = 5 x 10~% atm. during the growth of the HgCdTe lay-
ers. For the doped layers, the TMIn bubbler was maintained at -10°C and was operated
in the conventional bubbler mode. The H; flow through the bubbler was varied from
2 ¢cm®/min to 100 cm®/min, corresponding to a partial pressure range of 3 x 10~7 to
1.5 x 10~° atm. respectively. To obtain lightly doped layers, the bubbler was cooled to
-20°C.

Ohmic contacts were made by etching the CdTe cap near the contact area and evap-
orating a 400 A thick layer of gold. Hall mobility and resistivity measurements were
made in cloverleaf patterned samples over the temperature range from 10 to 300K. The
magnetic field strength was varied from 0.5 to 6.0 kG in the course of this study. The

1

value of E, corresponding to an absorption coefficient of @ = 500 cm~™" was measured in

these samples at room temperature, by Fourier Transform Infrared Spectrometry. This
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value was used!? to determine the Cd-fraction z.

All the layers grown in this reactor, without any intentional doping, were weakly n-
type (in the low 10! ¢cm™2 range). This may be due to residual impurities in the chem-
icals or to donor-like defects associated with layers grown on GaAs with a CdTe buffer
layer. Typical low temperature mobility values obtained were 4 x 10* cm?/Vs for lay-
ers with a composition of z ~ 0.28, and 1 x 10° cm?/Vs for layers with z ~ 0.23. The
mobility values quoted above are reasonable for layers of these compositions.

Figure 1 shows the Hall coefficient (Ry) as a function of inverse temperature for
TMIn doped layers with z = 0.28 and z = 0.23. The Hall coefficient shows classical n-
type extrinsic behavior over the entire 300 to 10K temperature regime. The Hall coeffi-
cient was independent of the magnetic field strength, and the carrier concentration was
estimated to be 5 x 10'® ¢cm~3 for the layer with z = 0.28 and 3 x 10® ¢cm~3 for the
layer with £ = 0.23. Figure 2 shows the mobility as a function of inverse temperature for
these layers. The low temperature mobility values of 3.3 x 10* and 7.3 x 10 ¢cm?/Vs for
cadmium compositions of 28% and 23% respectively, are consistent with the correspond-

ing carrier concentration values.

Since the carrier concentration in these doped layers was at least two orders of mag-
nitude higher than in the undoped layers, it was taken to be the donor concentration
due to indium. However, this is based on the assumption that the incorporation of in-
dium does not significantly change the concentration of the native defects. Figure 3
shcws the variation of the measured carrier concentration with the TMIn partial pres-
sure, for layers with z = 0.23. Here, the donor concentration is seen to vary linearly

3, and appears to saturate at

with the partial pressure of TMIn up to ~ 4 x 108 cm~
~ 5 x 108 ¢m~3 for higher TMIn partial pressures.
The linear dependence of the donor concentration on the dopant flux, combined

with the high values for mobility, implies an electrical activation of almost 100% for
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3 is reached.

the indium incorporated in the layers, until a doping level of 4 x 10! cm™
A similar dependence of the donor concentration, with 100% electrical activation, was
observed in layers grown by molecular beam epitaxy (MBE) up to a 108 cm™3 In
concentration!. At higher values of the dopant flux, however, it is possible that in-

dium gets increasingly incorporated in electrically inactive form as In,Tes, as has been

reported for In doping of bulk HgCdTe in the melt!5.

The carrier concentration dependence of the 10K electron mobility is shown in Fig.
4 for layers with z = 0.28 and z = 0.23. In addition to the higher ionized impurity scat-
tering, disorder scattering for any given Cd fraction is also expected to increase with car-
rier concentration due to its direct dependence on the electron energy'®. Also shown in
this figure are the mobility values reported!* for the In doped MBE grown samples with
z = 0.2 to 0.24. An electrical activation of 100% was reported in those samples. It can
be seen that the mobility values in our layers agree very closely with those of the MBE

samples.

As we have noted earlier, the wave number corresponding to an absorption coefhi-
cient @ = 500 cm™! was measured in these samples at room temperature, and the op-
tical energy gap E, determined from its value. E; remained constant, at ~ 200 meV,
for doping concentrations up to 1 x 107 cm~3. However, E, increased to 350 meV for
an electron concentration of 3 x 10!® cm™3. This change in E; can be interpreted as
an increase in z from 0.23 to 0.3. Similar shifts in the composition were reported!! dur-
ing growth at 420°C by the interdiffused multilayer process, where a change in z from
0.27 to 0.4 was observed when the TMIn partial pressure was increased from 10~° atm
to 1.3 x 10~% atm. It is posbsible that r changes with doping concentration due to rel-
ative changes in the effective growth rates of the HgTe and CdTe components of these
layers. Additionally, the increase in E, can be accounted for by the Burstein-Moss shift

with doping concentration that has been observed in bulk HgCdTe!”. Further work is
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presently being undertaken to resolve this issue.

In conclusion, we have shown that indium doped n-type HgCdTe layers can be
grown with carrier concentrations as high as 5 x 10!8 cm~3 by the alloy growth tech-
nique, using TMIn as the dopant source. A linear variation of the donor concentration
with TMIn partial pressure was obtained until 3 x 108 cm~3. This fact, together with
high mobility values, suggests a high electrical activation of indium. A saturation in the
incorporation of indium has been observed at higher TMIn concentrations. Low temper-
ature mobility values of 3.3 x 10 cm?/Vsec and 7.3 x 10* cm?/Vsec were obtained in
~ 5 x 10'° doped layers with z = 0.28 and = = 0.23 respectively. The optical bandgap
of these layers was found to remain unchanged until an electron concentration of 107
cm ™3 was attained, corresponding to a TMIn partial pressure of 1.5 x 10~% atm. At
higher values of TMIn partial pressure, this bandgap was found to increase. This in-

crease can be due to an increase in Cd fraction, or to a Burstein-Moss shift of the band-

edge with doping.
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Figure 1. Hall coefficient as a function of inverse temperature for indium doped
HgCdTe layers with composition values of z = 0.28 and z = 0.23.

Figure 2. Hall mobility as a function of inverse temperature for the HgCdTe layers
shown in Fig. 1.

Figure 3. Net donor concentration as a function of TMIn partial pressure in
HgCdTe layers with z = 0.23.

Figure 4. Electron mobility at 10K as a function of electron carrier concentration

for £ = 0.28 and z = 0.23. Also shown are the mobility values of MBE grown HgCdTe

layers with = = 0.2 to 0.24.
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ABSTRACT

The annealing behavior of Hg; —,Cd;Te layers, grown by the conventional
Organometallic Vapor Phase Epitaxy (OMVPE), is reported. Some of the as grown
layers, which are p-type with a concentration around 4 x 10'¢/cm?® of Group II vacan-
cies, become light p-type with carrier concentrations around 1 x 10!%/cm?® after Hg
saturated annealings at temperatures in the range of 200-230°C. These conditions are
typically expected to result in complete annealing and n-type conversion of the layer.
These layers can be converted to n-type with a carrier concentration of approximately
5 x 10'*/cm® by a higher temperature anneal at 290°C, follo.wed by a low temperature
anneal at 220°C.

Hall effect measurements were made under variable temperature as well as variable
magnetic field conditions. Bulk carrier concentrations and mobilities were evaluated by
considering the effect of the surface inversion/accumulation layer on the Hall data. It
is proposed that p-type conduction in the partially annealed layers is due to the per-
sistence of Group II vacancies in the Hg;—,Cd,Te layers, which are not completely an-
nihilated during the low temperature anneal. Conversion to n-type is probably due to

residual donor impurities in the as grown Hg;_.Cd,Te layer.




INTRODUCTION

Hg,-.Cd;Te is a defect semiconductor in which native defects are electrically ac-
tive [1-2]. Group II vacancy is the most common defect here, usually present in the
range of 10*6-10'7 /cm3, and results from the Te excess condition used in the growth
of Hg,-.Cd.Te, at typical growth temperatures. These are shallow acceptors so that
the as grown layers are heavily p-type. Annealing of these layers at temperatures below
350°C under Hg overpressure reduces the vacancy concentration [V;] to a value lower

than the background donor concentration, thus converting the layers to n-type [1-10].

During annealing, Hg from the vapor diffuses into the Hg,_,Cd_Te crystal, possi-
bly via an interstitial mechanism [3-4]. Subsequently, the Hg interstitials become sub-
stitutional by moving into vacant Group II sites. Thus, [V/] is a function of the an-
nealing temperature as well as the concentration of Hg interstitials, [I5,], which are
present in the lattice at the annealing temperature. In turn, [Ig,] is a function of the
annealing temperature as well as the Hg overpressure. [V;] can thus be controlled
in Hgy-2Cd.Te, by controlling the annealing temperature as well as the Hg overpres-
sure. Values of [V/] as a function of these annealing parameters are available in the
literature (1, 2, 6] for different values of z. An effective diffusion coefficient of Hg into
Hg,_.Cd,Te, relevant to the annealing process, has been given in (3, 4]. However, most

of the annealing results reported in the literature have been on bulk materials.

The annealing characteristics of Hg; -, Cd,Te layers, grown by epitaxial techniques
such as liquid phase epitaxy (LPE) and organometallic vapor phase epitaxy (OMVPE),
are less understood [7-10]. As grown layers are typically p-type due to the low Hg va-
por pressures used during the growth of OMVPE layers, and the higher temperatures
employed in the growth of LPE layers. The reduction of Hg vacancies thus requires a
low temperature Hg saturated anneal. In the case of LPE, some authors have noted that

complete annealing of layers with alloy compositions greater than 0.20 was not possi-
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ble [8]. With OMVPE layers, extremely long anneal times (21 days) have been used to
completely anneal a 10 um layer of Hg,-,Cd,Te [9]. Additionally, higher temperature
anneals have been used for completely annealing these layers [7]. All of this work has
focused on fully annealed layers; however, it is necessary to investigate the behavior of
partially annealed layers in order to gain an understanding of their annealing behavior.
In this paper we report the annealing characteristic of Hg;_.Cd,Te layers grown
by conventional OMVPE, which stay p-type despite Hg saturated annealings in the tem-
perature range of 200-230°C for durations up to 24 hours. These layers are, however,
converted to n-type by using a two-step anneal with a high temperature step at 290°C
followed by a low temperature step at 220°C. Electrical properties of partially as well as
fully annealed layers are presented. The Hall data were analyzed as a function of tem-
perature as well as magnetic-field (B field) in order to extract the bulk carrier concen-
trations and mobilities [11-13]. Light p-type layers were also characterized by Hall effect
measurements, following surface passivation using an anodic sulfide {14, 15]. A possible

reason for such an anomalous annealing behavior of these layers is also proposed.

EXPERIMENTAL

Hg,-.Cd.Te layers used in this study were grown at 370°C in a vertical reactor by
the simultaneous pyrolysis of dimethylcadmium (DMCd), diisopropyltellurium (DIPTe),
and elemental Hg [16] in hydrogen. (100) CdTe was used as the substrate. All the work
reported here is for layers with alloy compositions (z) in the range of 0.20 to 0.24 and
thicknesses in the range of 6 to 12 um.

The Hg;-,Cd,Te layers were capped with a 0.5-1.0 um thick layer of undoped
CdTe which was grown in the same reactor run. This cap serves two purposes; first, it
prevents any unintentional or partial [17] annealing of the Hg;..CdTe layers during
cool-down (in a hydrogen ambient) after the layer growth. Second, it inhibits the for-

mation of an inversion layer on the Hg;_.Cd_Te surface, which can affect the Hall char-
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acteristics of as grown p-type layers. Cap layers were removed, together with 0.5 um of
the HgCdTe, just prior to the annealing by means of a short etch consisting of 1% Br in

methanol.

The epilayer thickness was determined from the interference fringes in the sub-
bandgap regime of the IR transmittance curve, using a Fourier Transform Infrared Spec-
trometer (FTIR). The bandgap of the layer was taken to be the energy at which the ab-
sorption coefficient of the material is 500 cm™!. Next, the alloy composition z was de-
termined from the bandgap using the expression for E; given in [18]. The value of z,
determined in this fashion, gave good agreement between the intrinsic carrier concentra-
tion calculated at room temperature from the expression in [19], and the corresponding

value measured from the Hall effect.

After cap removal, samples were rinsed in methanol, dried with nitrogen, and loaded
in a quartz ampoule with mercury of 99.99999% purity. The ampoule was evacuated
to 10~7 Torr using a turbo-molecular pump equipped with a liquid nitrogen trap, and
sealed using an oxy-hydrogen flame. All annealings were carried out with the sample
kept 2°C warmer than the Hg reservoir, to avoid Hg from condensing on them. This
prevented any surface deterioration during the anneal and sample surfaces showed no
sign of damage. The annealed samples were characterized without any further surface
treatment. For some samples which exhibited anomalous p-type behavior, the surface

was passivated by anodic sulfidization [14] and Hall data were taken once again.

Van der Pauw [20] patterns were delineated by etching in 1% Br-methanol. Evapo-
rated gold was used for making contacts to the layers. Hall measurements were carried
out as a function of temperature from 300 to 20 K. In some cases, measurements were
made as a function of B field, with the B field varying from 0.5 to 6 kGauss. The Hall
analysis was based on a two-layer model, to include the effects of both bulk and surface

carriers. The computer simulation was fitted to the experimental data, thus allowing the
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separation of bulk and surface parameters. The details of this analysis are provided in

the Appendix.
RESULTS

As Grown Layers:

Figure 1 shows the Hall coefficient (Ry) and the conductivity (o) for a 6.7 um thick
as grown Hg;_,Cd,Te layer with a 0.5 um thick undoped CdTe cap layer and an alloy
composition of 0.228. The mobility of the sample as a function of 1000/ T is shown in
Fig. 2. The data were taken at a magnetic field of 2.1 kG. The solid curve shown here
is a computer simulation which gives a least square fit to the experimental data. The
best fit corresponded to (N4-Np) of 3.61 x 10!®/cm3, a hole ionization energy of 6.2
meV, and a low temperature hole mobility (i,,) of 840 cm?/V-s. It was not necessary
to consider the presence of any inversion layer in order to obtain this fit.

The theoretical model for simulating the Ry and o curve [10] assumes that the mo-
bilities remain constant at low temperatures. This is certainly an approximation in the
case of hole mobility, which is known to decrease at temperature below 30 to 40 K {19].
This shortcoming of the model is apparent in Fig. 2 where, at very low temperatures,
the theoretical plot for the hole mobility stays constant but its experimental value starts
to dip.

The usefulness of the CdTe cap layer is seen in the classical p-type behavior exhib-
ited by this sample. There is no detectable sign of the presence of any inversion layer
electrons and the simulated curve is for zero inversion layer carrier concentration. The

curves shown here are typical of all the as grown layers.

Partially Annealed Layers:
Figures 3 and 4 show the Ry and o versus 1000/T of a sample annealed at 230°C

for 9 hours, taken at 2.1 kG. This sample had an z value of 0.208 and a thickness of 12
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um. From Ref. 4, this combination of temperature and time is expected to be sufficient
for annealing a bulk Hg;_,.Cd_.Te layer up to a depth of 15 um. In the present case,
though a significant reduction in hole concentration is observed, the n-type conversion
of the epilayer is not achieved. The Ry and o curves were fitted assuming a p-type epi-
layer with n-type surface inversion. Parameters providing the best fit (represented by
the solid curves) are N4 of 1.65 x 10*%/cm®, Np of 4 x 10'5/cm3, E4 of 7 meV and a
low temperature hole mobility (u,,) of 1620 cm?/V-s for the bulk layer. The inversion
layer carrier concentration was 2.2 x 10! /cm?, with a low temperature surface electron
mobility (u,,) of 7000 cm?/V-s. Note that the theoretical fit to the experimental data
points is not very good in the region where Ry begins to fall with decreasing tempera-
ture. This is due to some degree of nonuniformity in the hole concentration through the

layer (see later).

The fact that this was indeed a p-type layer with surface inversion was verified by
sulfidizing the sample in an anodic bath [14]. This anodic sulfide is expected to have a
low concentration of fixed positive charges in it, and hence should reduce the inversion
layer concentration at the surface [15]. Figures 5 and 6 are plots of Ry and o for the
same sample after passivation with the anodic sulfide. The computer simulations are
shown for the same bulk parameters as those used in Figs. 3 and 4. However, the sur-
face carrier concentration was reduced to 1.3 x 10°/cm? and the inversion layer mobility
increased to 33,000 cm?/V-s. This increase in surface mobility is expected, since passiva-

tion tends to reduce surface scattering.

The theoretical fit to the experimental data points in the region of Ry sign-reversal
is rather poor here. The reason for this is probably as follows: in this region of the
curve, Ry is still determined by the thermal electrons in the sample, whose concentra-
tion is given by n?/p, where p is approximately equal to the net acceptor concentration

(N4-Np). Consequently, variation in (N,-Np) with depth in the layer would cause this
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region of the Ry curve to stretch out. Due to the nature of annealing, where the in-
diffusion of Hg is from the top surface, there would always be a higher concentration of
diffusing Hg species near the surface than deeper inside. Hence, there is a gradient in
the vacancy concentration in the sample, with the material closer to the surface having
less vacancies than the material near the epi-substrate interface. As a result of this gra-
dient in the vacancy concentration, the quantity n?/p varies with depth, and causes the
Ry to stretch out in this region of the curve. At sufficiently low temperatures, however,
the magnitude of Ry is solely dictated by the bulk holes and the surface inversion layer,
and the fit begins to improve. In summary, the theoretical model used here assumes uni-
form acceptor concentration across the layer, so that the experimental Ry curve of a
layer with nonuniform acceptor concentration cannot be fitted very well in the region of

Ry sign reversal. However, in the remaining regions, the two curves closely match.

A variation in vacancy concentration of this kind will affect the Ry of the layer
more strongly than its conductivity. This is because the electron contribution to the
layer conductivity in this region (at temperatures below the point where the Ry is past
its peak value) is much less than that due to the holes. As seen from Fig 6, the conduc-
tivity of the sample can indeed be fitted with better accuracy. Due to the nonuniform
vacancy concentration across the sample depth, the vacancy concentrations quoted here

should be inferred as the average over the sample thickness.

Results on a few partially annealed layers are presented in Table 1. In all cases,
these annealing conditions should have been sufficient for complete conversion of the
layer to n-type [4], but are found to be insufficient for these layers. The bulk parameters
were extracted by curve-fitting the Ry and o versus 1/T data. The fact that the sam-
ples were p-type was confirmed in a few cases by sulfidizing and remeasuring the Hall ef-
fect. In all the cases, the Ry showed distinct stretch out in the region between its peak

and the point of sign reversal, indicating a variation in the Hg vacancy concentration
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with depth. Data on an unannealed sample is also presented for comparison purposes.

Fully Annealed Layers:

Figure 7 shows Ry and o versus 1000/T for a sample annealed at 290°C for 15

hours, followed by a second anneal at 220°C for 13 hours. Figure 8 shows u versus

1000/T for this sample. The layer was 8.2 um thick, with z = 0.205. The data were
taken at 1.1 kG. It is seen from the shape of the Ry curve, as well as the high mobil-
ity value, that this is an n-type layer. However, it is possible that the measured electron
concentration and mobility are different from the actual bulk electron concentration and
mobility, due to the presence of surface electrons. The measurement of Ry as a function
of B field allows the effect of these carriers to be separated (see Appendix).

The Ry of this layer, measured at a fixed temperature of 30 K and as a function of
B-field, is shown in Fig. 9. The variation in Ry with B-field was fitted to a two carrier
model, assuming both bulk and surface efectrons. Using this approach, these electron
concentrations were calculated to be 5.4 x10!*/cm® and 2.4 x10'! /cm? respectively,
with respective mobilities of 334,000 cm?/V-sec and 27,500 cm?/V-sec at 30 K. As the
intrinsic carrier concentration in the layer at 30 K is negligible, this bulk electron con-
centration is, in fact, the net donor concentration in the layer. The temperature depen-
dence of Ry, o and upg, simulated using these values of bulk and surface carrier concen-
trations and mobilities, are shown by the solid curves in Figs. 7 and 8. The following
parameters were used for generating the theoretical curves: (Np-N4) of 5.4 x10'*/cm3,
N, of 2.4 x10'! /cm?, a low temperature bulk electron mobility (u,,,) of 380,000 cm?/V-
sec and a surface electron mobility (u..) of 30,000 cm?/V-sec.

Table 2 lists the results of Hall data on this and several other annealed samples,
which show complete conversion to n-type. The free electron concentrations and mo-
bilities quoted here were extracted from the o and the B-field dependence of the Ry at

30 K. Sample numbers 1 to 4 in this table were annealed at 220°C following the initial
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high temperature anneal. At 220°C, the equilibrium concentration of vacancies is ex-
pected to be in the low 10'3/cm? range [6]. Hence, compensation due to the vacancies
is expected to be negligible in these layers, so that the net shallow donor concentration
Np approximates the free electron concentration (Np-N,4). These residual donor impu-
rities are probably associated with process related issues such as chemical contamination
from the system and bubblers, as well as the inherent defects in dg,_.Cd,;Te due to lat-
tice and thermal expansion coefficient mismatch between the epilayer and the substrate.
The number of such donor impurities is seen to be in the range of 3-6 x10'*/cc in these
layers.

Sample number 5 in this table shows the result for annealing at 290°C for 14 hours.
The second step of low temperature anneal was intentionally omitted here in order to
check the suitability of a single high temperature process for annealing the Hg,_,Cd,Te
layers. The free electron concentration measured on this sample is only 1.0 x10'4/cm?
as opposed to 3-6 x102%/cm?> observed in the other samples in the same table. This is
probably due to the fact that, at 200°C, the equilibrium concentration of Group II va-
cancies is in the low 10'*/cm3 range [6], which is comparable to the residual donor con-
centration in the layer. This would cause the layer to be compensated, resulting in a
reduced free electron concentration. Thus, although the free electron concentration in
this sample is only 1.0 x10'*/cm3, the actual donor concentra.:on is probably in the 3-6
x10'4 /cm? range as is the case with the other samples. Hence, it is necessary for sam-
ples to undergo a final low temperature anneal if we wish to maintain a low [Vg,| in the

layers.

DISCUSSION
The conversion of p-type layers to n-type after annealing is due to the reduction of
Group II vacancies to the iow 10'3 to 10'4/cm? range, at which point residual donor im-

purities become dominant [1-10]. Following this line of reasoning, it can be argued that
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the persistence of p-type conduction in partially annealed layers is due to the fact that
the residual impurities involved here are p-type. However, similar samples were con-
verted to n-type by choosing different annealing conditions. Hence, we conclude that
p-type behavior is due to the Group II vacancies themselves, which have not been re-
duced to their lowest possible concentration, or perhaps due to some other native defects

which anneal out cnly at higher temperatures.

The reason for the anomalous annealing characteristics of these layers is not quite
clear at the present time. The slower diffusion rate of Hg in epitaxial Hg;—,Cd,Te has
been suggested as one possibility 7] for the observed difference. If this were the case,
an epitaxial layer would indeed take a longer time to anneal completely as compared to
a bulk layer of the same thickness. However, if the time is insufficient for the complete
annealing of the whole layer, the region closer to the surface will get fully annealed and
convert to n-type, whereas the region deeper inside will be unannealed and remain heav-
ily p-type (3, 4, 22]. In such a case of partial annealing the diffusion rate of the Hg de-
termines the thickness of the fully annealed region as well as the width of the transition
region between the fully annealed and the unannealed region. A smaller diffusion coef-
ficient would give rise to a thinner n-type region and a sharper transition between the

fully annealed n-region and the unannealed p-region [3].

The Hall analysis on the partially annealed samples described here shows that the
layers are p-type throughout. We do observe an n-type surface inversion layer (see Fig.
3), but this can be almost completely eliminated by anodic surface passivation which
consumes less than 0.1 um of the original layer (see Fig. 5). In addition, the average va-
cancy concentration in the partially annealed layers is down to 1-5% of the initial value
(see Table 1). Such a large reduction in the net vacancy concentration requires that al-
most the entire layer is getting annealed. This suggests that the difference in the anneal-

ing behavior of these layers could not be due to a lower diffusion coefficient of Hg.
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We now consider the role of Te precipitates in the annealing process. Annealing of
bulk grown layers shows that the in-diffusion of Hg annihilates the Te precipitates in the
surface region; with time, the precipitate free region gradually extends into the bulk. It
is this region which is fully annealed and converted to n-type (22, 23]. In case of epi-
taxial layers such as the ones examined here, the total epi-layer thickness itself is of the
order of the spacing between the precipitates. In such a case, the model of a precipitate
free zone gradually moving into the layer might not hold. Instead, we propose that the
in-diffusing Hg will annihilate the Te precipitates as well as reduce the Hg vacancy con-
centration in the region between the precipitates. However, due to the presence of ex-
cess Te in the lattice, the Hg vacancy concentration may not go all the way down to the
value typical of saturated mercury conditions. As a resui*, the layer still stays p-type,
but with a much reduced hole concentration.

A higher temperature anneal would increase the rate of annihilation of Te precip-
itates as a result of the enhanced rate of Hg in-diffusion, as well as the higher rate of
reaction between Hg and Te. It is also possible that, at higher temperatures, lattice sites
necessary to accommodate the newly formed HgTe are created more easily. Once the Te
precipitates are fully annihilated at a higher temperature, a subsequent lower tempera-
ture anneal brings the Hg vacancy concentration further down, and the layer is eventu-
ally converted to n-type.

The concentration of Te precipitates depends on the growth conditions and the post
growth cool down process {22, 24]. Hence, it might be possible to alter the reactor con-
ditions and thus be able to grow Hg;_.Cd,Te layers which can be annealed fully using a
single low temperature anneal. This approach to Hg;_,.Cd,Te epitaxy is currently under

investigation.
CONCLUSIONS
The annealing results on some OMVPE grown layers were presented. A typical low
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temperature (~ 220°C) anneal, under Hg saturated conditions does not achieve conver-
sion to n-type as is expected [3, 4], but resulted in p-type layers with hole concentrations
around 1 x 10!%/cm3 range. However, by a two-step annealing process, we have shown
that the vacancy concentration can be reduced to the point that the conductivity is de-
termined by residual donors in the layer. For Hg;_.Cd.Te layers with z in the 0.2-0.24
range, and thickness around 8 um, conversion to n-type could be achieved by annealing
at 290°C for 14 hours followed by a 14 hour anneal at 220°C. The residual donor con-
centration of 5 x 10'*/cm3, accompanied by high mobility, is an indication of the purity
of these samples. The influence of surface layer on the Hall effect of both p-type as well
as n-type epilayers was described, and the Hall data was analyzed, taking this into con-

sideration. A tentative model for such an annealing behavior was also proposed.
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LIST OF FIGURES

. Hall coefficient and conductivity vs. 1000/T for an as grown sample. Alloy compo-
sition = 0.228 , layer thickness = 6.7 microns. The solid curve represents a com-
puter simulation using the following parameters: N4 = 3.7 x 10!¢ ecm3, Np =

5x 10! /cm3, E4 = 6.2 meV, ppo = 840 cm?/V-s, and no surface layer.

. Hall mobility vs. 1000/T for the sample of Fig. 1.

. Hall coefficient vs. 1000/T for a sample annealed at 230°C for 9 hours. Alloy com-
position = 0.208, layer thickness = 12 microns. The solid curve represents a com-
puter simulation using the following bulk parameters: N4 = 1.65 x 10!®/cm3, Np =
4.0 x 10'/cm®, E4 = 7.0 meV, and p,, = 1620 cm?/V-s. Surface layer parameters
were N, = 2.2 x 10!! /cm?; u,, = 7000 cm?/V-s.

. Conductivity vs. 1000/T for the sample of Fig. 3.

. Hall coefficient of the sample of Fig. 3 after sulfidization of the surface. The com-
puter simulation assumes N, = 1.3 x 10° /cm? and u,, = 33,000 cm?/V-s for the
surface layer parameters.

. Conductivity vs. 1000/T for the sample of Fig. 5.

. Ry and o vs. 1000/T for a sample annealed at 290°C for 14 hours, followed by
220°C for 12 hours. Alloy composition = 0.205, thickness = 8.2 microns.

. Mobility vs. 1000/T for the sample of Fig. 7.

. Hall coefficient vs. B field for the sample of Fig. 7. The solid line is the theoreti-
cal curve for the case of two carrier conduction with the following parameters: n,
= 5.4 x 10" /cm3, yu; = 334,000 cm?/V-s and ny = 2.4 x 10'!/cm?, u; = 27,500

cm?/V-s.
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1. Results of annealing on the partially annealed samples.

2. Results of annealing on the fully annealed samples.
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Sample

T

0.228

0.219

0.208

0.204

0.232

TABLE 1

Thickness

(km)
6.7
6.3

12.0

11.4

13.0

18

Annealing
Conditions

unannealed

205°C /24 hr.

230°C/9 hr.

230°C/24 hr.

240°C/12 hr.

(Na — Np)
(/em®)

3.61 x 10!¢
6.5 x 10'4
1.25 x 10'5
0.7 x 104

5.0 x 104




Sample

T

0.205

0.220

0.226

0.226

0.224

Thickness
(#m)
8.2
5.8
5.8

5.8

4.5

TABLE 2

Annealing
Conditions

290°C /15 hr.

+220°C/13 hr.

290°C /15 hr.

+220°C/13 hr.

290°C /15 hr.

+220°C/13 hr.

290°C/14 hr.

+220°C/12 hr.

290°C /14 hr.

19

(Np — Na)
(cm~3)
5.4 x 1014
6.2 x 1014
3.3 x 1014

3.5 x 1014

1.0 x 1014

un(30K)

(cm?/V-s)
334,000
210,000
120,000

190, 000

110,000




APPENDIX

The temperature dependence of Ry and o was treated in terms of a three carrier
model [11]. The three types of carriers were: bulk holes, bulk electrons and surface elec-
trons. It was assumed that surface and bulk layers are in electrical communication. A

uniform bulk doping was assumed. In such a case the Hall coefficient of the total layer is

given by:
1 o
Ry = ——=4L A-1
H= o2, + ogy ( )
where
Ny, Plp n,U,
O = A-2
e q(1+p£32+1+u382+1+u232) (4-2)
and
0oy = qB | ——"fn_ , _Phs____mus (A-3)
@ =9\ 1+ u2B? T 1+ w282 1+ u2B?

Here, n and p represent the bulk electron and hole concentrations, and n, represents the
average concentration (sheet concentration, N,, divided by the epilayer thickness) of the
surface electrons. u,, sy, and u, represent the corresponding mobilities. The effect of
light holes is ignored in these calculations.

In the case of p-type layers, the bulk hole concentration was calculated by solving

for p from the following charge balance relation:

p=nl/p— Np+ Na/{1+4(p/N,)ezp(En/kT)} (A-4)

where N, = 2 x 10!3T3/2 /cm3. Here N, is the acceptor concentration and Np is the

donor concentration. N, is the effective density of states at the valence band edge. The




acceptors were taken to be singly ionized with an ionization energy of E4 [11, 25]. The

bulk electron concentration was obtained using the relation:

=ni/p (A-5)

The surface electron concentration was assumed to be independent of the temperature.
In p-type layers, the hole mobility was assumed to be limited by lattice scatter-

ing (with a T~!? dependence), and low temperature alloy/ionized impurity scatter-

ing, which was assumed to be temperature independent [11]. This is a sirple empirical

model for the electron and hole mobility, which agrees well with the experimental results

(see Figs. 2 and 8). The bulk electron mobility was calculated Ly muitiplying the hole

mobility by the inverse of the effective mass ratio. For the surface electrons, an addi-

tional, temperature independent, surface scattering limited mobility was also included.

These relations are summarized below:

Hp = 1/[1/{”'300(300/1‘) 1.9} + l/ﬂ'po] (A‘G)
o = (mp/m:)up (A-7)
He = 1/(1/“1; + 1/”'00) (A"S)

Here, pago is the lattice scattering limited mobility of holes at 300K, and u,, is the
asymptotic value of the hole mobility in the low temperature limit, in the absence of
lattice scattering. Similarly, u,o is the mobility of the surface electrons in the low tem-
perature limit. In practice, the hole mobility does not increase monotonically with de-
creasing temperature; instead it peaks around 40-20K [21]. However, for simplicity, the
above model for mobility was assumed. For analyzing the Hall data, the cocmposition
and thickness of the layer were measured using an FTIR. Then, the values N4, Np, E4,

Ng, po, and pug were varied and optimized till a reasonable fit to the experimental Ry




and o is obtained. In the case of p-type layers, the fit was more sensitive to the value of
(Na-Np) rather than their individual values. As a result, Np was chosen to be around
5 x 104 /cc, which was the typical donor concentration in the fully annealed layers. N,
was optimized using this value of Np. |

In the case of n-type layers, the net donor concentration can be determined by mea-
suring the electron concentration in the layer at low temperatures, since the donors do
not undergo thermal freeze-out. However, the presence of surface electrons can lead to
an overestimation of the actual bulk donor concentration, unless care is taken to account
for them. The actual bulk and surface electron concentration and mobility in these n-
type layers were determined by analyzing the variation in the Ry of the layer with B-
field, which is a very convenient technique [13]. For an n-type layer having a surface
electron layer, the Hall coefficient is given by [13]:

1 (np +n,u2) + p2u2B%(n + n,)

Ry=-=- A-9
H g (nun +n,u,)% + p2u,B2%(n + n,)? (4-9)

and the conductivity o is given by:

o =q(np, +n,4,) (A-10)

At a fixed temperature, Ry was measured at different values of B-field and the various
bulk and surface parameters were evaluated [13] from this data.

The variable B-field approach can be used for analyzing the p-type layers as well
(12, 15]. However, due to the low mobility of the bulk holes, very high B-fields are re-
quired for successfully analyzing light p-type layers having surface inversion layers. In
addition, due to the freeze-out of holes, the actual acceptor concentration and the accep-
tor activation energy can be evaluated only by analyzing the temperature dependence of
the hole concentration. As a result p-type layers were exclusively analyzed by studying

the temperature dependence of the Ry and o.




For the sake of completeness, the temperature dependence of Ry, 0 and u of the n-
type layers were also simulated using the two layer model. Here the concentration of the

bulk electrons is given by the expression:

(Np — Na) + {(Np — Na)® + 4n?}'/2
2

(A-11)

As in the case of p-type samples, the bulk electron mobility is once again assumed
to be determined by lattice scattering, and alloy/ionized impurity scattering. Here in
addition to the T~1-° dependence of the lattice scattering, the variation in the electron
effective mass with temperature also contributes to the temperature dependence of the
electron mobility, and was included in the simulation. Thus, the bulk electron mobility

tn as a function of temperature was assumed to be of the form:

#n = 1/[1/{300(mz(300)/mZ(T))(300/T)"°} + 1/pno] (A-12)

where p3q0 is the lattice scattering limited mobility of electrons at 300K, and u,,, is the
asymptotic value of the electron mobility in the low temperature limit in the absence of
lattice scattering. The bulk hole mobility and the surface electron mobility were calcu-
lated using Eqs. (A-7) and (A-8). The thickness of the layer and the composition wcre
determined using the FTIR. The values of (Np-N4), N,, s, and p,, can then be ad-
justed to make the theoretical Ry and o curves fit the experimental data points. How-
ever, the temperature dependence of Ry and o of n-type layers are not very sensitive to
the individual bulk and surface parameters. On the other hand, the B-field dependence
of Ry is very sensitive to these values. Hence, the bulk and surface parameters were ex-
tracted using the variable B-field technique; these values were used to simulate the tem-
perature dependence of Ry, 4 and o in order to show that the simulation does indeed

match the data.
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ABSTRACT

The presence of an electron accumulation layer on the surface of n-type
Hg,_.Cd.Te causes the measured Hall mobility and carrier concentration to be signif-
icantly different from the actual bulk values. This discrepancy is not readily apparent in
the temperature dependence of the Hall coefficient, Ry, as is the case with p-type lay-
ers. However, it is observed in the magnetic-field dependence of the Ry. The B-field
dependence of Ry is analyzed to extract the actual concentration and mobility of the
bulk and surface carriers in Hg;—,Cd.Te layers grown by organometallic vapor phase
epitaxy. The bulk parameters thus calculated were verified by passivating the surface of

these layers using an anodic sulfide to reduce the concentration of surface electrons.




The presence of a surface inversion layer on lightly doped p-type Hg;_.Cd.Te is
readily apparent, since it gives rise to anomalous behavior in the Hall Coefficient (Ry)
vs. Temperature data. This behavior, which has been analyzed in great detail [1-4], is a
consequence of the fact that these inversion layer electrons, induced by the fixed positive
charges in the native oxide of Hg;_,Cd,Te, have surface mobilities which are a factor of
10 to 20 times higher than those of the bulk holes. Their concentrations lie in the range

of 3 x 10! to 1 x 10'2/cm?, depending on the nature of the surface, and its treatments.

In the case of n-type Hg;_,Cd;Te, the presence of an electron accumulation layer
at the surface causes the effective Hall mobility to be lower than the bulk electron mo-
bility, and the carrier concentration to be higher than the bulk carrier concentration.
Moreover, the presence of this layer results in the measured carrier concentration and
mobitity becoming functions of the magnetic field at which the Hall measurement is
done. Although these are undesirable effects from the point of characterizing the actual
bulk layer, they are often overlooked since the Ry vs. T characteristic is very similar to

that of an n-type Hg;_,Cd,Te layer which does not have an accumulation layer.

Due to the large surface to bulk ratio, these surface effects are severe in the case of
epitaxial layers. Surface effects, which have normally been neglected in the case of bulk
layers, cannot be neglected here. Similar surface and interface effects have also been ob-

served in the case of epitaxial InAs and polycrystalline InSb layers [5-6].

In this paper, we evaluate, for the first time, the effect of a surface accumulation
layer of electrons on lightly doped n-type epitaxial Hg;_.Cd,Te layers. The B-field de-
pendence of the Hall coefficient is analyzed to extract the true concentration and mobil-
ity of the bulk carriers. These layers were subsequently passivated using anodic sulfide
[4, 7]. Here, the measured Hall mobility and carrier concentration approach the bulk
values, due to the lower concentration of surface electrons in these layers. This demon-

strates the suitability of anodic sulfidization for passivation of Hg,_,.Cd.Te, and at the
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same time establishes the usefulness of the variable B-field technique on n-type layers..

Experimental data on one specific sample was chosen among others for the purpose
of demonstration. This Hg,_,Cd Te layer was grown on a (100) CdTe substrate with a
cadmium fraction of 0.217, by the simultaneous pyrolysis of mercury, dimethylcadmium
and diisopropyltellurium [8]. After the growth, the layer was annealed under Hg satu-
rated conditions to reduce the Hg vacancies and thus convert it to n-type. The van der
Pauw [9] technique was used for Hall effect measurements from 300 K down to 10 K, and

as a function of B-field from 0.5 KG to 6.0 KG.

Figure 1 shows the Hall coefficient Ry, and the Hall mobility xg, as a function of
reciprocal temperature for a 7.2 um thick layer. A magnetic field strength of 1.6 KG
was used for this measurement. The measured carrier concentration was 8.0 x 10!%/cm?
and the mobility at 30K was 188,000 cm?/V-sec. In the case of p-type Hg;_,Cd_Te, the
presence of surface electrons would make the temperature dependence of Ry and puy
drastically different from that of a classical p-type layer [2]. Here, however, Ry as well
as the puy show a monotonic variation with temperature, of the form which is observed

for n-type layers, where surface effects are absent.

The presence of the surface electrons becomes evident when the Ry is measured at
different B-fields. Figure 2 shows the Ry of this sample measured as a function of B-
field at a fixed temperature of 30K. This temperature was chosen because the measured
mobility (Fig. 1) reaches its maximum around this value. Moreover, as the sample is
fully extrinsic at this temperature, only electrons are expected to be present in the bulk
of the layer. If there were no additional surface or interface electrons with mobilities dif-
ferent from those of the bulk electrons, Ry would be independent of the B-field, and be
equal to 1/gn, where n is the concentration of electrons in the layer. Here we have as-
sumed that the Hall constant ry is unity, and that it does not vary with the B-field. It

is possible that rg, which is usually greater than unity at low B-fields and approaches
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unity at higher B-fields, contribute to the variation of Ry with the B-field {11]. Theo-
retical calculations show that this variation would be less than 10% for HgTe and less
than 3% for CdTe [12]. Additionally, in more heavily doped n-type layers grown in our
laboratory, where surface effects are negligible compared to the bulk, we find that Ry
remains constant with the B-field. Thus, the variation in Ry seen here, which is about
40% as the B-field is increased from 0 to 6 KG, cannot be due to the variation in ry.
This variation can, however, be explained by including the presence of the surface elec-
trons in addition to the bulk electrons in the Hall analysis.

For a layer containing bulk as well as surface electrons, Ry and o are given by the

following expressions [see Appendix|:

_1 (np® + n,p?) + uPuiB3(n + n,)
q (nl" + na“a)z + lllzﬂ'%Bz(n + na)2

(1)

0 = q(npin +noi) (2)

Here, n is the bulk electron concentration and n, is the average concentration (total
sheet carrier concentration, divided by the total thickness of the Hg;_,Cd,Te layer) of
the surface electrons. p,, and u, are the corresponding mobilities.

From the measured values of Ry and o, the values of n, n,, 4 and pu, were calcu-
lated. Here the low mobility electrons were assumed to be surface electrons. By multi-
plying the average volume concentration n, of the surface electrons by the total thick-
ness of Hg;_.Cd,Te layer, the actual sheet concentration N, of the surface electrons was
determined.

The bulk carrier concentration in the above sample was calculated to be 5.0 x
10'4/cm® with a mobility of 269,000 cm?/V-sec at 30 K. The surface carrier concentra-
tion was calculated to be 5.2 x 10'! /cm? with a mobility of 25,000 cm?/V-sec at 30 K.

These values can be contrasted with the composite values (n = 8.0 x 10'*/cm?® and u
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= 188,000 cm?/V-sec) obtained directly from Fig. 1, i.e., values which assume a single
homogeneous layer. The solid curve drawn in Fig. 2 is the theoretical curve for Ry as a

function of B-field for the above values of surface and bulk parameters.

To verify that the bulk parameters extracted by this technique are indeed the true
values, and that the B-field dependence of the Ry was indeed caused by the effect of
surface electrons, the layer was passivated using anodic sulfide and the Hall measure-
ments were repeated. This treatment should reduce the surface electron concentration,
while leaving the bulk parameters (n, u,) intact. Before sulfidization the sample was
given a 30 seconds etch in 1% Br in methanol. Sulfidization was carried out in a non-
aqueous solution of sodium sulfide in ethylene glycol [7]. After growing about 4004 of
native anodic sulfide, the layer was capped with 2500A of evaporated ZnS, to provide
additional protection to the surface passivation during long term storage. The layer

thickness was now 6.4 um because of etching and native sulfide growth.

The Ry of the passivated sample, as measured at 30K, as a function of B-field is
shown in Fig. 3. The sample still exhibits some variation in Ry with B-field. Its ex-
tent, however, is much less than in the case of the unpassivated sample and the value
of Ry is also quite higher than in the previous case. The variation in Ry with the B-
field was again fitted using the two carrier model, with a bulk carrier concentration of
5.0 x 10 /cm® and a mobility of 269,000 cm?/V-sec, along with a surface carrier con-
centration of 1.1 x 10'!/cm? with a mobility of 28,000 cm?/V-sec. Note that the bulk
carrier parameters (n, p,) are the same as before; however, the surface carrier concen-
tration is now a factor of 4-5 lower due to the sulfidization. The Hall coefficient and mo-
bility of the passivated sample are shown in Fig. 4 measured at a B-field of 1.6 KG as
in the previous case. Compared to the situation before passivation, the increase in the
measured Ry and mobility is quite apparent. Assuming a homogeneous layer, the com-

posite values of concentration and the mobility at 30 K, as obtained from this measure-
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ment were 5.7 x 104 /cm® and 243,000 cm?/V-sec. These values are much closer to the

bulk values calculated using the variable B-field technique, than the ones measured prior
to passivation. However, the presence of this light surface accumulation layer still causes
the measured values of carrier concentration and mobility to differ from the correct bulk

values.

In the case of an n-type layer with surface electrons, composite values of carrier
concentration and mobility approximate the bulk values at low B-fields. In the zero B-
field limit, Ry is given by C1 = =L x [(2{;‘—“3;‘:—;‘%] As the B-field is increased, these
measured values deviate increasingly from the bulk values and Ry asymptotically ap-
proaches C3/C3 = (—1/g(n + n,)). The transition in Ry from the higher value of C; to
the lower value of C;/Cj results in a variation in Ry with B-field. If the concentration
of the surface electrons is very low compared to that of the bulk electrons, then a Hall
measurement using a very low B-field can give carrier concentration and mobility val-
ues which are close to the actual bulk values. This is the case with the passivated layer.
Here, a measurement at 0.5 KG gives a composite carrier concentration of 5.3 x 104 /cm?3
and a mobility of 264,000, which are comparable to the bulk values (n = 5.0 x 10**/cm?,
py = 269,000). In samples where the surface layer concentration is not low, the Ry and
py measured at low B-fields can still be considerably different from the bulk values.
Such is the case with the unpassivated layer, where the composite value of carrier con-
centration and mobility measured at 0.5 KG are 6.6 x 10’4 /cm? and 228,000 cm?/V-sec,
far from the actual bulk values. Hence, especially in the case of light n-type epilayers

which are not passivated, a single Hall effect measurement at one magnetic field can lead

to erroneous results.

The results reported here were for the case of one particular sample with a bulk
doping of 5 x 10!¢/cm3. However, surface effects have been routinely observed in all

n-type layers which have not been passivated. Their effect is more pronounced in layers
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with low doping, and less so in layers with heavier dopinz. Due to tne high mobility of
the bulk electrons, even a B-field as low as 1.0 KG is high enough (uB > 1.0) to cause
the Hall-effect measurement to be a high field measurement.

One important consequence of this high electron mobility is that it becomes possi-
ble to carry out a variable B-field analysis of the type described above using relatively
low B-field strengths (0-5 KG), as most of the variation in Ry occurs within this range.
This is in contrast to the situation with p-type layers, where separation of the surface
electrons from the bulk holes require much larger B-field strengths, in the 5 to 20 KG
range (3, 4].

In conclusion, we have shown, for the first time, that the presence of a surface accu-
mulation layer of electrons on n-type layers of Hg,_.Cd.Te results in a composite car-
rier concentration and mobility, which are significantly different from the true bulk con-
centration and mobility. Further, we have shown that the true bulk carrier concentration
and mobility can be determined in these situations by measurement of Ry as a function
of the B-field, in the 0-5 KG range. The results obtained by this technique were verified
by passivating Hg; -, Cd_Te layers using anodic sulfide, which reduces the concentration

of surface electrons, and thus reduces the surface effects.
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APPENDIX

The expression for the Hall coefficient Ry and o used n the Hall analysis is derived
here [10]. Consider a uniformly doped n-type layer of thickness d, with a bulk electron
concentration of n (cm™3), at the surface of which there is an accumulation layer which
has a sheet electron concentration of N, (cm~2). The bulk and surface electrons have

mobilities of u and u, respectively. The sheet conductance of this layer is given by:

osHEET = ¢(ndu + N,u,)

The average conductivity of the layer can then be written as:

o =ospper/d=g{nu+ (N,/d)u,}

By replacing (N, /d) by n,, the average volume concentration of the surface electrons, o,

can be rewritten as:

o = q(nu + n,u,)

The Hall coefficient Ry of this layer is:

Ozy

1
Ry = ~—Jav__
H Bo2Z, + 02,

where 0, and o, are:

Ors = ¢ nu (N, /d)u
#2714 u2B? " 14 u2B?

and

S nu’B  (N,/d)uiB
= 1+u2B2 1+ u2B?

9




Substituting these in the expression for Ry, and replacing (N,/d) by n,, the following

expression for Ry is obtained:

_ 1 (ne® + noul) + p2ulB3(n + n,)
™ g (ne+ nop)? + p2u2B%(n 1 n,)2

(1)

As noted earlier, n, here is the average concentration of the surface electrons, which is
the total sheet concentration N, divided by the thickness of the Hg; _.Cd,Te layer. The
actual volume concentration of the surface electrons is determined by the Debye length
near the surface, and varies exponentially with depth. However, Hall effect measure-
ments primarily determine the sheet conductivity and the sheet carrier concentrations
in the layer; the conductivity and volume concentrations of carriers in the layer are sub-
sequently obtained by dividing these values by the thickness of the total layer. Thus,

it is the average concentration of the different types of carriers in the layer which are
important in the Hall measurement, and not their local concentrations. An important
assumption made here is that the layer is uniform in the lateral direction, and all the
surface electrons can be characterized by 2 single mobility.

In the case of the bulk electrons as well, it is their net sheet concentration which is
obtained by Hall effect measurements. However, since we know the total thickness of the
Hg;--Cd,Te layer (by FTIR reflectance measurements), and we assume that the bulk
electron concentration is uniform through the Hg;_.Cd.Te layer, we are able to quote

their actual volume concentration.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

FIGURES

Hall coefficient and Hall mobility vs. 1000/T for an n-type Hg,_,.Cd,Te layer. z =
0.217, layer thickness = 7.3 pum. B-field = 1.6 KG.

Hall coefficient vs. B-field for the sample of Fig. 1 at 30K. The solid curve is the
theoretical fit to the experimental data for two carrier conduction.

Hall coefficient vs. B-field for the sample in Fig. 2 at 30K after surface passivation.
The solid curve is the theoretical fit to the experimental data for two carrier con-
duction.

Hall coefficient and Hall mobility vs. 1000/T for the sample in Fig. 1 after surface

passivation. z = 0.217, layer thickness = 6.4 um. B-field = 1.6 KG.
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