Journal of Electronic Materials, Vol. 25, No. 8, 1996

Special Issue Paper

Improved Arsenic Doping in Metalorganic Chemical Vapor
Deposition of HQCdTe and in situ Growth of High Performance
Long Wavelength Infrared Photodiodes

P. MITRA, Y.L. TYAN, and F.C. CASE

Loral Vought Systems Corporation, Dallas, TX 75265-0003

R. STARR and M.B. REINE

Loral Infrared and Imaging Systems, Lexington, MA 02173-7393

Controlled and effective p-type doping is a key ingredient for in situ growth of
high performance HgCdTe photodiode detectors. In this paper, we present a
detailed study of p-type doping with two arsenic precursors in metalorganic
chemical vapor deposition (MOCVD) of HgCdTe. Doping results from a new
precursor tris-dimethylaminoarsenic (DMAAs), are reported and compared to
those obtained from tertiarybutylarsine (TBAs). Excellent doping control has
been achieved using both precursors in the concentration range of 3 x 10—
5x10Yem-3whichis sufficient for a wide variety of devices. Arsenic incorporation
efficiency for the same growth temperature and partial pressure is found to be
higher with DMAAs than with TBAs. For doping levels up to 1 x 10!7cm3, the
alloy composition is not significantly affected by DMAAs. However, at higher
doping levels, an increase in the x-value is observed, possibly as a result of
surface adduct formation of DMAAs dissociative products with dimethylcadmium.
The activation of the arsenic as acceptors is found to be in the 15-50% range for
films grown with DMAAs following a stoichiometric anneal. However, a site
transfer anneal increases the acceptor activation to near 100%. Detailed tem-
perature dependent Hall measurements and modeling calculations show that
two shallow acceptor levels are involved with ionization energies of 11.9 and 3.2
meV. Overall, the data indicate that DMAAS results in more classically behaved
acceptor doping. This is most likely because DMAAs has a more favorable surface
dissociation chemistry than TBAs. Long wavelength infrared photodiode arrays
were fabricated on P-on-n heterojunctions, grown in situ with iodine doping from
ethyl iodide and arsenic from DMAAs on near lattice matched CdZnTe (100)
substrates. At 77K, for photodiodes with 10.1 and 11.1 pm cutoff wavelengths,
the average (for 100 elements 60 x 60 pm? in size) zero-bias resistance-area
product, R A are 434 and 130 ohm-cm?, respectively. Quantum efficiencies are
>50% at T7K. These are the highest R A data reported for MOCVD in situ grown
photodiodes and are comparable to state-of-the-art LPE grown photodiodes
processed and tested under identical conditions.

Key words: Arsenic doping, HgCdTe, metalorganic chemical vapor
deposition (MOCVD), photodiodes, tertiarybutylarsine,
tris-dimethylaminoarsenic

INTRODUCTION

A key requirement for in situ growth of bandgap
engineered Hg, Cd Te devices by vapor phase epit-
axy is the ability to extrinsically dope with stable
donor and acceptor dopants. The doping levels need to
be precisely controlled and doping profiles precisely
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positioned with respect to heterostructures involving
different x-values. Furthermore, the donor and accep-
tor impurity atoms need to be located at the correct
lattice sites to be fully active. In metalorganic chemi-
cal vapor deposition (MOCVD) of HgCdTe by the
interdiffused multilayer process (IMP), we have dem-
onstrated excellent control in iodine donor doping
with ethyl iodide (EI).! The favorable dissociation
chemistry of EI and low diffusivity of iodine allow



Improved Arsenic Doping in MOCVD of HgCdTe and in situ

Growth of High Performance LWIR Photodiodes

1012

.

SIMS As CONCENTRATION (atoms/cm3)

Cd/Te=1.3
o TBAs
3 n DMAAs
I
B ) Y BTN B
107 10 103 104

As PRECURSOR PARTIAL PRESSURE (atm.)
Fig. 1. SIMS As concentration data as a function of TBAs and DMAAs
partial pressures. The Cd/Te ratic was maintained at 1.3 and other
growth conditions were essentially the same in all of these runs.

abrupt I-profiles while avoiding the problems of
memory effects with In precursors due to their reac-
tivity with the Te-precursors. I-doped HgCdTe films
have been shown! to exhibit electrical properties and
lifetimes comparable to those of state-of-the-art In-
?I?}gi]% HgCdTe films grown by liquid phase epitaxy

For stable acceptor doping of HgCdTe for photo-
diode applications, arsenic is the most widely used
dopant. In MOCVD, the precursors used for As-dop-
ing have been arsine and a number of substituted
arsines. Of these, the substituted arsines tertiary-
butylarsine (TBAs)*” and phenylarsine® have been
the most widely used recently since they are liquid
sources at ambient temperatures and are safer alter-
natives to arsine. In MOCVD-IMP, good control in As-
doping with TBAs has been obtained?$over the range
of 3 x 10-5 x 10'7 cm3. We have reported in situ
growth and the characteristics of long wavelength
infrared (LWIR) and medium waelength infrared
(MWIR) HgCdTe homojunction and heterojunction
photodiodes®’ as well asindependently accessed back-
to-back MWIR/LWIR dual-band photodiode® detec-
tors, using TBAs as the As precursor.

In previous work,” we have demonstrated that
lifetimes at 80K of As-doped MOCVD HgCdTe with
TBAs were always below the radiative limit. With a
new precursor, fris-dimethylaminoarsenic (DMAAs)
however, the corresponding As-doped material exhib-
ited lifetimes™ at the radiative limit and comparable
to those achieved in Hg-rich LPE grown HgCdTe."!

There are important differences between the TBAs
and DMAAs precursors which influence As-doping of
HgCdTe. TBAs or {CH,},CAsH, is an arsine based
precursor where one —H from AsH, has been substi-
tuted with the tertiarybutyl group. Clerjaud et al.!?
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have shown that As-doping of CdTe with AsH, causes
the incorporation of As-H pairs in addition to As.
Since As incorporation from TBAs in MOCVD-IMP
HgCdTe occurs in an analogous manner, where TBAs
isinjected during the CdTe growth cycle, it is conceiv-
able that similar As-H complexes are incorporated.
Although the As-H complexes are expected to be
electrically neutral, they are likely to be recombi-
nation centers in the HgCdTe and thus cause the
lifetimes to be reduced. In a P-on-n heterojunction
their presence in the critical depletion region would
thus be detrimental and adversely affect the perfor-
mance of the photodiodes.

A key reason for our choice of the DMAAs (or
[{CH,),-N],-As) precursor is that it has no As-H bonds
and therefore it is expected that As-H complexes will
not be incorporated in the As-doped films. The im-
proved lifetime results”!® with DMAASs are consistent
with this expectation. In our initial study of LWIR P-
on-n heterojunctions grown in situ with DMAAs we
have shown’ that the photodiodes exhibited charac-
teristics which are at least comparable to the best
grown with TBAs. DMAAs also is a more convenient
precursor for As-doping of HgCdTe since its vapor
pressure (0.96 Torr at 15°C) is two orders of magni-
tude lower than that of TBAs at 15°C. Standard
bubbler operation is thus possible with DMAAs in-
stead of double dilution injection required with TBAs
for controlled As-doping.®7

In this paper, we describe a detailed study of As-
doping with DMAAs of HgCdTe films grown on near
lattice matched CdZnTe (100) substrates. The issues
related to the chemical incorporation of As are ad-
dressed as well as its activation efficiency as an
acceptor. Detailed Hall measurements on homoge-
neously doped epilayers are reported and the data are
modeled to determine the acceptor ionization energy.
In specific areas, the results are compared with As-
doping using TBAs. Finally, new results on photo-
diode detector performance of LWIR P-on-n
heterojunctions, grown in situ with DMAAs are re-
ported. These mesa etched photodiode arrays were
fabricated in a 64 x 64 array configuration with
backside illumination. The characteristics of the
MOCVD in situ grown photodiodes are compared to
state-of-the-art LPE grown double layer hetero-
junction photodiodes fabricated and tested under
identical conditions.

EXPERIMENTAL APPROACH

The MOCVD-IMP growth of HgCdTe films was
performed on lattice matched CdZnTe (nominally 3
5% 7Zn) substrates at 360°C. In most of this work, the
orientation used was (100)4° toward the nearest (111)
but some experiments were performed on the (211)B
orientation as well. No significant differences were
found in the As incorporation in (100) vs the (211)B
oriented films. A horizontal geometry reactor system
was used with elemental Hg and standard organome-
tallic sources for Cd and Te, dimethylcadmium (DMCd)
and diisopropyltelluride (DiPTe). The source precur-
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sors were injected into the reactor through a single
fast-switching manifold. Additional details of the
growth system and the conditions used have been
described previously.5 For As-doping with TBAs, the
bubbler was operated in a dual-dilution flow configu-
ration allowing the TBAs partial pressure to be con-
trolled in the range of 2 x 103~ 5 x 10-* atm. The
DMAASs bubbler was operated under standard condi-
tions and its partial pressure was varied in the range
of 5x10-4-3 x 10-5atm. The As-precursor was injected
into the reactor during the CdTe growth cycle since
the Cd/Te ratio can be easily controlled. The Cd/Te
ratio was varied from 1.0 to 1.5 to study the effect of
this ratio on As incorporation.

To analyze the chemical incorporation levels of As
and to determine the depth profiles, secondary ion
mass spectrometry (SIMS) was employed with Cs+ion
bombardment. The SIMS depth profile measurements
were performed at Charles Evans and Associates of
Redwood City, CA. Detailed Hall effect measure-
ments were performed as a function of temperaturein
the range of 300-10K. A magnetic field of 50 kGauss
was used to ensure that the effect of residual donors
were minimized.

P-on-n heterojunction films were grown in situ with
the n-type region doped with I at (1-2) x 105 cm2 and
the p-type cap doped with As at (1-3) x 107 ¢cm2. For
I and As doping, EI and DMAAs were used, respec-
tively. The n-type regions were grown to thicknesses
of 14-16 pm and the p-type caps were 2-3 um. The
films were subjected to As site transfer activation and
stoichiometric anneals as described previously.”

ARSENIC INCORPORATION RESULTS

SIMS measurements were performed for HgCdTe
(nominally x~0.30) layers doped using TBAs and
DMAASs at various partial pressures. The data are
plotted in Fig. 1 for epilayers grown with both precur-
sors at Cd/Te ratio of 1.3. The data clearly indicate
that for a given precursor partial pressure As-incor-
poration from DMAASs is significantly higher than
from TBAs, by a factor of 7 to 20, with increasing
partial pressure. This occurs at least in part due to the
higher dissociation of DMAAs® (~50%) than TBAs
(~10%) at the MOCVD growth temperature of 360°C.

In Fig. 2, the SIMS depth profile data of a HgCdTe
film with two As-doped regions from TBAs and DMAAs
are shown. The DMCd and DiPTe partial pressures
were kept the same and the Cd/Te ratio maintained at
1.3 during the entire growth run. The TBAs and
DMAASs partial pressures were adjusted to 2.2 x 10-¢
and 3.0 x 10~7 atm., respectively, which produced
equivalent As concentration of 1.2 x 10" atoms-cm-3,
Thus, to achieve this As concentration, a factor of
about 7.3 greater partial pressure of TBAs is required
as compared to that of DMAAs. Also shown in Fig. 2,
is the composition depth profile as determined from
the '%Te secondary negative ion yield, which has been
demonstrated tobe a sensitive relative measure of the
Cd mole fraction.'® The absolute Cd mole fraction of
the layer was determined from IR transmission mea-
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surements to be 0.29. An increase in the Cd mole
fraction due to the injection of the As-precursors is
found to be small at Ax<0.002 under these doping
conditions. This is an important result since it shows
that the As incorporation and the HgCdTe alloy
composition can be independently controlled for dop-
inglevels <1.2 x 10" cm-® under the growth conditions
used in the present experiments. Some diffusion of As
is observed to occur for As introduced from both
sources which may be due to a small percentage of the
As atoms incorporated into the metal sublattice sites.

The effect of higher levels of DMAAs injection on
As-incorporation and x-value was studied by growing
a layer with two As-doped regions with DMAAs par-
tial pressures of 4.2 x 107 and 2.1 x 10-¢ atm. The
DMCd and DiPTe partial pressures were kept the
same and the Cd/Te ratio was maintained at 1.3
throughout the growth run. The SIMS As and *Te
depth profiles are shown in Fig. 3. The doping levels
obtained at the two partial pressures are 6 x 10'7 and
1.6 x 10'® atoms-cm3, Thus, for a factor of 5 higher
DMAAs partial pressure, an increase of only a factor
of 2.7 in As concentration is obtained. Clearly, in this
regime As-incorporation does not increase linearly
with increasing DMAAs partial pressures and begins
to saturate. Figure 3 also shows that at the lower
DMAAs injection only a very small change in x-value
occurs, but at higher injection of 2.1 x 10- atm there
is a substantial increase in the Cd mole fraction with
Ax = 0.08.
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Fig. 2. SIMS depth profiles of As concentration and the Hg, ,Cd, Te x-
value for doping with TBAs and DMAAs at partial pressures of 2.2x 10 and
3.0x 107 atm., respectively. Except for switching the As-precursors on
and off, no other changes were made during the growth run.
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Fig. 3. SIMS depth profiles of As concentration and the Hg, ,Cd Te x-
value for doping with DMAAs at partial pressures of 4.2 x 10~ and
2.1 x 10-% atm. The Cd/Te ratio was maintained at 1.3 and except for
sr\]Nitching the DMAAs on and off no other changes were made during
the run.

The influence of As-doping with TBAs on the
HgCdTe alloy composition in MOCVD-IMP has been
reported by Bubulac et al.' These authors observed
anincrease in the Cd mole fraction with Ax =0.115 for
an As-doping level of 2 x 10 ¢cm=2. This is a much
larger change in composition thanin the present work
with TBAs shown in Fig. 2 and may be related to the
differences in the exact details of the growth condi-
tions. The increase in the x-value with As doping is
quite likely due to adduct formation of TBAs or a
dissociated As containing product with DMCd on the
CdTe surface resulting in increased Cd incorporation.
The adduct formation weakens the CH,-Cd bond and
quite likely makes the surface DMCd dissociation
more kinetically favored over desorption. With DMAAs
also, in addition to unimolecular dissociation, adduct
formation occurs with DMCd on the film surface quite
possibly with partially dissociated DMAAs. At low
injection rates, the chemical incorporation of As var-
ies linearly, but at high injection second or higher
order reaction kinetics are clearly evident.

In their experiments on As-doping with AsH, in
MOCVD-IMP, Capper et al.’®¢ found that As was
selectively incorporated in the CdTe layers only. It
was reported that AsH, forms an adduct with DMCd,
even at room temperature, and the pyrolysis of the
adduct at the 410°C growth temperature resulted in
the incorporation of As in the CdTe layer. AsH, is not
expected to pyrolyze at this temperature. It was noted
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that at Cd/Te ratio of 0.8 an increase in HgTe growth
rate was observed which resulted in a reduction in x-
value. Upon increasing the Cd/Te to 1.2, the changein
composition was not significant, however, the associ-
ated doping level was not reported. In direct alloy
growth of HgCdTe both for As-doping with AsH,'” and
TBAs,? a reduction in x-value was reported when
either of the precursors were injected under other-
wise similar growth conditions. This composition
change was also attributed to adduct formation of the
As-precursor to DMCd in the gas phase.

The mechanism of As-incorporation with the pre-
cursors used in the present work is distinctly different
from As-doping with AsH,. A key difference is that
AsH, does not pyrolyze by itself at the HgCdTe growth
temperature whereas both TBAs and DMAAs pyro-
lyzes albeit to different degrees. DMAAs starts to
decompose at 250°C, is 50% converted at 350°C and
thermal decomposition is complete at 450°C.12 TBAs,
by comparison, starts to decompose at 350°C is 50%
converted at 380°C and full dissociation is not achieved
even at 550°C."* The bond dissociation energies for
the three As precursors follow the order As-H>As-
C>As-N. Thus, incorporation of As from DMAAs is
expected to be most efficient. The thermal de-
composition temperatures for DMAAs suggest that
the results shown in Fig. 3 for As incorporation at
360°C are consistent with both unimolecular thermal
decomposition, which occurs at low injection rates, as
well as surface-adduct formation of As containing
partially dissociated products of DMAAs with DMCd
athighinjection rates resultingin increased x-values.
The two incorporation pathways are expected to be
kinetically competitive and will probably be signifi-
cantly altered with relatively small changesin growth
temperatures.

ACTIVATION OF ARSENIC AS ACCEPTORS

The efficient incorporation of As in HgCdTe does
not necessarily indicate that As atoms are active as
acceptors. In fact, the amphoteric nature of As in
HgCdTe is well established!® and for the As to behave
as an acceptor it must substitutionally occupy the Te-
sublattice sites. To determine the degree of acceptor
activation of the As from DMAAs several homoge-
neously As-doped films were analyzed by SIMS con-
centration and Hall measurements at 80K. The film
thicknesses were typically 9-12 pm. Hall measure-
ments were performed on a section of each film which
underwent a stoichiometric anneal only and another
section of the same film which underwent both an
activation and a stoichiometric anneal. The activa-
tion anneal was performed at 415°C and the stoichio-
metric anneal at 235°C both under saturated Hg
pressures. In Fig. 4, the measured Hall concentrations
(1/eR, , where Ry is the Hall coefficient) for both
annealing conditions are plotted as a function of the
SIMS As-concentration.

Figure 4 shows that when the films are subjected to
astoichiometric anneal only the acceptor activationis
generally low varying from 15-50%. At the lower As-
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concentrations, below 1 x 10 em-3, the activation is
<25%increasing to 50% at higher concentrations. The
same films after the activation and stoichiometric
anneals exhibit Hall concentrations which are signifi-
cantly higher and close to 100% acceptor activation.
These data indicate that in the as-grown films at the
lower doping levels, the majority of the As atoms do
not substitutionally occupy the Te-sublattice sites
despite a Cd/Te ratio >1. At higher doping levels, the
probability increases to 50%. The activation anneal
causes an effective site transfer of the As-atoms to the
Te-sublattice resulting in their behaving as accep-
tors. The conditions for the activation anneal in this
work was not optimized but are similar to that de-
scribed previously” and for site transfer in As-im-
planted HgCdTe films.!® It is conceivable that an
effective site transfer could be performed at lower
temperatures.

The acceptor activation data in Fig. 4 also cor-
roborate the inferences made from Figs. 2 and 3 that
at low concentrations very little adduct formation
with DMCd occurs (no change in x-value) and conse-
quently the As does not necessarily get substitution-
ally incorporated in the Te-sublattice. However, at
the higher DMAASs injection rates surface adduct
formation becomes important and therefore forces
the As-atoms to occupy Te-sublattice sites. This re-
sults in the higher acceptor activation efficiency ob-
served when the As concentrations are >1 x 10'7 cm-3,
prior to the site transfer activation anneal.

HALL CHARACTERIZATION RESULTS

Hall measurements were performed on a large
number of homogeneously As-doped HgCdTe films (x
~0.30) with DMAAs. The Cd/Te ratios during growth
were 1.2 and 1.5. The data reported here were all
taken at 50 kGauss. The Hall data were taken after
the films were subjected to an activation and a sto-
ichiometric anneal. Film thicknesses were in the 9-12
um range. In Fig. 5, the 80K Hall concentrations are
plotted as a function of the DMAAs partial pressure
used during growth. The data clearlyindicate that the
incorporation of As acceptors is higher, at the higher
Cd/Te ratio and that to achieve doping levels at
>3 x 10 em-?aratioof 1.51s necessary. For controlled
low doping levels of ~1 x 10 em-3, however, the lower
ratio of 1.2 is preferable.

Detailed temperature dependent Hall mea-
surements from 300-10K were performed for As-
doped HgCdTe using both TBAs and DMAAs. The
measured mobility and carrier concentration (1/eR,)
as a function of inverse temperature for two x = 0.30
films are shown in Figs. 6a and 6b for TBAs and
DMAAsS, respectively. The two films have carrier
concentrations (N, — N} at 80K that are closely
comparable at 1.82 x 106 and 1.74 x 10 cm-3. Both
show the expected carrier freezeout behavior but
exhibit somewhat different temperature dependence.
The data for the TBAs doped film suggest that more
than one acceptor ionization energy is involved, in
contrast to the DMAAs doped film for which the
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inverse temperature dependence follows a single ex-
ponential and therefore involves a single ionization
energy. Secondly, the 80K mobility for the TBAs
doped film is lower with a value of 241 cm?*V-s as
compared to 313 cm?V-s for the DMAAs doped film
with the same carrier concentration. At lower tem-
peratures also the mobility of the film doped with
DMAAs is higher than the one with TBAs. Thus,
although both precursors produce p-type doping of
HgCdTe, there are clear differences in the tempera-
ture dependence of the Hall data.

MODELING OF HALL CONCENTRATIONS

The measured Hall carrier concentrations for four
x = 0.30 As-doped films with DMAAs are plotted vs
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Fig. 4. Acceptor activation plot of 80K Hall concentration measured
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anneals, vs SIMS As concentration for HgCdTe doped with DMAAs.
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Fig. 5. Hall acceptor concentrations at 80K in several As-doped
Hg, ,,Cd, 5 Te films grown with Cd/Te ratios of 1.2 and 1.5, plotted as
a function of DMAAs partial pressures.
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reciprocal temperature in Fig. 7. For low carrier
concentrations, <1 x 1017 em-3, the freezeout behavior
is pronounced but less so at higher concentrations.
Also, except at the lowest carrier concentration
(~2 x 10 ¢m= at 80K) the inverse temperature
dependence of the log(N, — N,) does not follow a
straight line indicating that more than one ionization
energy isinvolved. This behavior has previously been
noted by Finkman and Nemirovsky? for both As-
doped and Au-doped bulk HgCdTe crystals. These
authors found that two acceptor levels were required
to explain the temperature dependence accurately.

In this work, we have also used two shallow ac-
ceptor levels to model the Hall concentration data vs
temperature and to determine the jonization ener-
gies. The activation energies E , and E_, in meV for
fitting the measured Hall data are:

E,, =1725.4 /e(x)? - [(1.158 x 104)/e(x)J( N )3 (1)

E,, = 467.5 /e(x)? — [(1.158 x 10)/e(x)[(N_)** (2)
where the static dielectric constant e(x) as a function
of x-value was determined from empirical relations,
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and where N is the number of ionized acceptors per
unit volume. Equations (1) and (2) are identical in
form to the commonly used expression?? for single
acceptor levels:

E =E, - aN,- Ny» (3)

The hole concentration p(T) as a function of tem-
perature was computed from the following charge
neutrality equation:

p, + N, =N, /(1+g expl[(E ~ EJ/KT])
+ N_/(1+g expl(E,, - EJ/KT]) (4)

where p, is the hole concentration, N, and N, are the
concentrations of the acceptors with activation ener-
giesE_ and E ,, respectively, E,is the Fermilevel and
g is the degeneracy of the acceptor states and is
assumed to be 4.

In Eq. (4), N, is the free donor concentration, and in
most DMAAs doped films a good fit for p,(T) was
obtained with N, = 0. Since E_,is much lower than E ,,
N_, is fully ionized at a much lower temperature than
N_,. Hence in computing E_, N, is included in the
concentration of the ionized acceptors.

In Fig. 7, the modeling results for the carrier con-
centration p,(T) are overlaid on the measured Hall
data. Except for the low acceptor concentration sample,
the fits to the experimental data are excellent. For the
low concentration sample, a single acceptor level
description is sufficient; but at the higher concentra-
tions, the inclusion of two acceptor levels is essential
to fit the data.

In Fig. 8, the values of E_ and E_,, determined by
the best fit of the calculated p,(T) to the experimental
Hall data, are plotted vs acceptor concentration for a
number of As-doped x = 0.30 films for which DMAAs
was used. The solid lines are the fits using the two-
level model described above and have the form:
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E, =11.94-9.63 x 10-5(N, ) (5)
and E_, = 3.23 ~9.63 x 10-N_,)3 (6)

The concentration independent As-acceptorionization
energies K, and E , are thus 11.94 and 3.23 meV,
respectively, for MOCVD HgCdTe with x = 0.30.

Kenworthy et al.?® have reported an empirical ex-
pression for acceptor ionization energies in bulk
HgCdTe doped with Cu, Ag, As, and Sb using a single
acceptor level. Since this expression is not specifically
derived from As-doped HgCdTe data alone, it can only
provide a rough estimate of the ionization energy.
Using their expression an ionization energy of 13.96
meV is estimated for x = 0.30 HgCdTe. Kalisher?* has
determined E  of 10.5 meV for As-doped HgCdTe (x =
0.20) grown from Hg rich LPE. The present work is
the first detailed analysis of ionization energies from
MOCVD As-doped HgCdTe and are in the same range
as those obtained from bulk and LPE material.

PHOTODIODE RESULTS

P-on-n heterojunction films, grown in situ with
DMAASs and EI precursors, were processed into back-
side-illuminated mesa etched 64 x 64 photodiode
arrays with CdTe passivation. The unit cell area was
60 x 60 um? and the junction area was 35 x 35 umz2.
Electrical measurements on selected photodiodes in
each array were performed at 77K by making contact
to each selected indium bump by a computer con-
trolled mechanical probe. The center 10 x 10 elements
of each array were cryoprobed in this manner. The
zero-bias resistance-area products R A, were deter-
mined by using the optical area A, of the junctions,
60 x 60 um? The spectral responses, cutoff wave-
lengths, and quantum efficiencies were measured at
77K in the backside illuminated mode for selected
elements of each array after it had been bump-inter-
connected to a 64 x 64 Si CMOS readout chip.
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The average R A, value for the center 10 x 10
elements of each 64 x 64 array at 77K is plotted vs the
measured cutoff wavelength at 77K in Fig. 9. In-
cluded in the plot are similar data from Loral’s stan-
dard LPE grown HgCdTe arrays. The processing and
the testing of the MOCVD and LPE grown arrays
were performed under essentially identical condi-
tions. Also shown in Fig. 9 is the theoretical calcula-
tion of RA vs cutoff wavelength at 77K, for n-side
diffusion current and Auger limited lifetimes for n, =
1% 101 cm3.

The measured R A, data for the MOCVD films
shown in Fig. 9 approach the diffusion limit calcula-
tions and show a trend identical to the LPE data. For
photodiodes with 10.1 and 11.1 pm cutoff wavelength,
the average R A are 434 and 130 ohm-cm?, respec-
tively. These are the highest R A data reported to-
date for MOCVD grown LWIR HgCdTe photodiodes.
The average quantum efficiency of the MOCVD ar-
rays are >50% and the spectral responses are classi-
cal. Additional details of the performance of the
MOCVD photodiodes will be described elsewhere.

SUMMARY AND CONCLUSIONS

In this paper, we have described a detailed study of
arsenic doping in MOCVD-IMP HgCdTe with the new
precursor DMAAs. Controlled As-doping in the range
of 1 x 106-5 x 107 ¢em= was achieved. This doping
range meets the requirements for most HgCdTe de-
vice applications. SIMS concentration measurements
show that As is incorporated in a significantly more
efficient manner from DMAAs than the previously
and more widely used precursor, TBAs. As-doping
from DMAAs can be controlled independently of any
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Fig. 9. 77K R,A,,, data for MOCVD P-on-n heterojunctions (filled
squares) grown in situ with DMAAs for As-doping. Each data point is
the average of the center 100 elements from a 64 x 64 array. For
comparison similar data from Loral’s LPE grown junctions (empty
squares) are included. Both types of films were processed and tested
in an identical manner.



Improved Arsenic Doping in MOCVD of HgCdTe and in situ
Growth of High Performance LWIR Photodiodes

changes in the HgCdTe alloy composition when the
doping level is 1 x 1017 em. For higher doping levels,
the concentration of As does notincrease linearly with
the DMAASs partial pressure, most likely due to sur-
face adduct formation with DMAAs dissociative prod-
ucts. As a consequence, at high As concentrations the
x-value of HgCdTe increases. For a doping level of
6 x 10" cm?, the change in x-value is negligibly small
but at 2 x 10*® ¢cm™ an increase with Ax = 0.08 was
observed.

As-grown, the As-doped films with DMAAs show
only partial activation of acceptors. However, follow-
ing a site transfer activation anneal, the As impurity
exhibits near 100% activation. Detailed temperature
dependent Hall effect measurements indicate that
classical p-type characteristics are achieved. An analy-
sis of the Hall data on x = 0.30 HgCdTe show that two
shallow acceptor levels with ionization energies of
11.94 and 3.23 meV are involved.

LWIR P-on-n heterojunction films grown with I-
doped n-type regions and As-doped p-type caps with
DMAAs have produced the highest R A values in
MOCVD HgCdTe to-date. The present photodiode
array data provides compelling evidence that DMAAs
isahighly effective precursor for As-doping in MOCVD
of HgCdTe. The results also demonstrate that the
improvements in both donor and acceptor doping
have contributed to advancing MOCVD to produce
HgCdTe photodiodes of the same quality as that
achieved from state-of-the-art LPE material at 77K.
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