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SECTION 1
INTRODUCTION

Prior to this contract, lifetime data was available on a variety of samples
of Hgl_xCdee. However, since composition ranged from x = 0. 2 to 0. 4,
measurement temperature varied from 77 to 300K, and diodes were pre-
pared by a variety of techniques, it was not possible to correlate the data
and determine the dependence of lifetime on any given parameter. The
primary thrust of this contract was to determine the dependence of minority
carrier lifetime in p-type Hgo. 6Cd0. 4Te on carrier concentration. In
order to eliminate unknown side effects, most of the samples were taken
from one crystal grown under our previous contract. The hole concentra-
ticn was varied by annealing under Hg pressure and by diffusing-in Cu.
The composition was determined on the bu k samples by density and on
finished MIS and diode devices by measurement of the cutoff wave length.
Minority carrier lifetime was determined primarily by diode reverse
recovery and verified by BITS measurements. The minority carrier dif-

fusion length was determined primarily by EBIC measurements.

The models used to treat photodiodes and minority carrier lifetime are
described in Section 2. The growth and annealing methods used to prepare
saraples are covered in Section 3. The techniques used to fabricate

MIS, PV. and BITS samples are described in Section 4. Measurement tech-
niques used to determine carrier concentration, alloy corposition life-
time, diffusion length and ROA are described in Section 5. Results of our
measurements of carrier concentration, lifetime, diffusion length, mobility,
and ROA are given in Section 6. The analysis of these resuilts is given in
Section 7. Finally, our conclusions and recommendations for device design
and further research appear in Section 8.




SECTION 2
THEORY OF (Hg, Cd)Te PHOTODIODES

2.1 ANALYTICAL PHOTODIODE MODEL

In this subsection, the theory of p-n junction photodiodes in defect-free
(Hg, Cd)Te is reviewed. The parameters used to characterize detector
performance are quantitatively related to the minority carrier properties

in the material.

The detectivity D of a detector is given by

b3 - 1
Dy &= (1)
where Ri is the current responsivity, A is the optically active area, Afis

the noise equivalent bandwidth, and iN is the rms noise current in the band-
width Af.

The current responsivity R; for a photodiode is given by
. X
Ri"he ™ (2)

where h is Plarck's constant, c is the speed of light, q is the electron
charge and n is the quantum efficiency.

The noise sources associated with a photodiode are shot noise due to back-
ground current, Johnson noise and shot noise due to thermal generation,
and 1/f noise ip

. 3 2 2 ¥5.a
iy /Af—4kT/RD+2qID+2nq ¢BA+if/Af (3)
2
-— I ——




where g is the background flux, Rp the diode dynamic resistance and ID

the zero-background diode current. For a photodiode at zero bias voltage,

and for which the background noise is negligible, D>';\ is given by:
D* = m ROA

A he 4KT (4)

There are two well-known current mechanisms which contribute to ROA.
These are generation-recombination current and diffusion current. If there
are no contacts or surfaces within a diffusion length of the diode, the ROA
product due to diffusion current can be written as:

-1 n 2 JIT08 s “ M q
(RzA&): " = Lof. #58 v d of TRV o (5)
NA s ND ™ kT

where:
By intrinsic carrier concentration
ot by = electron and hole (minority carrier) mobility
T i electron and hole (minority carrier) lifetime
NA' ND = dopant concentrations on p and n sides (acceptor and

donor concentrations)

Diffusion current is due to the diffusion of thermally generated minority
carriers from the n and p sides of the semi-conductor to the depletion layer
at the p-n interface. The volume of semiconductor which contributes to
diffusion current is given by the diode area times the diffusion length for a

minority carrier. The minority carrier diffusion length is given by:

)
b > B b Tk o
3

Aade.




The volume of semiconductor required to generate the signal is the diode
area times the optical absorption depth required to absorb 90 percent of the
incoming radiation:

L .=25/a (7

opt

where a is the absorption coefficient, typically 5 x 103 cm-l. Thus, Lopt
~ 5 micrometers. In most cases, the minority carrier diffusion lengths are
longer than 5 micrometers; thus, a substantial volume of the semiconductor

is contributing noise without contributing signal.

It is possible to shrink the effective semiconductor volume to the volume
necessary for signal collection by using ''reflective" contacts{1"3). The use
of heavily doped p+ and nt regions in back of the p and n regions creates a
space-charge barrier to minority carrier diffusion and reduces minority
carrier density in the heavily doped regions. The ROA for the case where

reflective contacts are used is given by:

—1 3 2
A n, M b n, M b
(R,A) 1. qji DL BE_Rperow N3 TORUR SR B e .2 (8)
kT | N T, L N L

A e D "h p

where bp and bn are the distances from the junction to the p- and n-side
spacecharge barriers.

1. D. Long '"Photovoltaic and Photoconductive Infrared Detectors " in
Topics in Applied Physics, Volume 19: Optical and Infrared Detectors,
pp. 101-147 (Springer-Verlag, Berlin Heidelberg, 1977); the p+ - P
backside contact is discussed on pp. 110-112,

2. "Detection of Loong Wavelength Infrared at Moderate Temperatures, '

Final technical report, NASA Johnson Space Center Contract NAS9-14180,

Mod. 5S, April 1977 in particular, see Section 2. 3.

3. D. Long, T.J. Tredwell and J. R. Woodfill, ''Detectivity vs Temperature
in Infrared Photo Detectors,”" Proceedin f the Joint Meeti o
IRIS Specialty Groups on Infrared Detectors and Imaging-Volume 1; 13-15
June, 1978, pp. 387-400.

Ao
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For n* - on - p HgCdTe photodiodes at relatively high temperatures, diffu-
sion current from the p-side of the junction determines the RoA product.
In this case, for a thick p-side region (i. e., much thicker than a minority-
carrier diffusion length Le), Equation 5 reduces to

(9)

If the thickness of the p-side of the s on - p photodiode is reduced to a
thickness comparable to a minority - carrier diffusion length through the
use of a perfectly reflecting backside contact, then, from Equation 8, the
RoA product is given by

N

RA=! [ET -2 (10)
o
q q ﬂi
and if Le > bp, then
kT N ;i
RS, (R, T

RA = 5 “ (11)

that is, R A is proportional to the product of N, and 1, for a "thin" p-type
base region, whereas it is proportional to Ni% 1/2 for a ''thick'' p-type

base region.

Generation-recombination (g-r) current is due to the thermal generation
and recombination of carriers in the depletion layer.

The expression for R A for g-r current has been derived by Sah, Noyce and
{

Shockley. (4) For bias voltages near V = O, one has the following approxi-

mate expression,

4. C.T. Sah, R.N. Noyce and W. Shockley, '""Carrier Generation and Re-
combination in P-N Junctions and P-N Junction Characteristics, " Proc.
IRE 45, 1228 (1957); see Equation 28, p. 1234,

5
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£ qn. W
(R A= — (12)

Vbi N 'q'xo'rpo

where: I
: % (Vbi+V)
W = depletion .ayer width = [——ew—— (13)
aNB

N, N
V., . = built-in voltage = ¢ In A D (14)

bi q " 2

i
T Tpo = minority carrier lifetimes on p and n sides of the junction.

Since diffusion-limited ROA increases as ni'2 as the telmperature is lowered,
while generation-recombination noise increases as ni' , there is a temper-
ature at which the diode switches from diffusion to g-r limited behavior.
This is shown in Figure 1. The increase in ROA will not continue indefinite-
ly as the temperature is decreased further; at some temperature, the sur-
face leakage resistance (shunt resistance) dominates and RoA becomes
independent of temperature. RoA versus temperature curves for diodes
fabricated during this program are found in Section 6. 5.

2.2 MINORITY CARRIER LIFETIME MECHANISMS

In the previous subsection it was seen that R oA's for both diffusion and
generation-recombination limited operation depend on the minority carrier
lifetime. Three mechanisms can act to limit the lifetime: Auger, radiative,
and Shockley-Read. Of these, Auger and radiative are intrinsic to the
material and operate even in perfect material samples, while Shockley-Read
recombination is due to impurities and defects. In this subsection, analy-
tical models of the three mechanisms are presented.




SapOIpPO}OYd Ul SSTON JO 530anog °| aanJig

> JANIVHIIWIL

AP W 2 N DIy V8
mTuDby " ot Ve 2\ Ju b/ T v

ISION (¥-9) ¥IAVY NOILTIdI0 /~ 3SION NOISNi410

ey

o

N-_: = <o¢
NOISNd4ia

O 8 Ppuz-wM
3SION NO10Hd

T
!
_
ol
M
|
.

R —

s 8 A
VU P -V, /
(INNHS) 39¥3V37 3ov4uns

Ju- vy
NO1LYN1 8W00 34 NG | Lv NG9

JOWNVIT 30v4HNnS

3SI0N 40 SID¥NOS
3W01va3dw3l SA v'y




2.2.1 Auger Recombination

Auger recombination involves the collision of two electrons (or holes) within
the conduction (or valence) band, whereby one gains energy to be excited to
a higher band state while the other makes a transition to the other band.

This recombination mechanism is very much band structure-dependent.
There is not yet a complete theory of Auger recombination for all types of
band structure, but the theory has been worked out for some of the materials
which are used in infrared photon detectors. Petersen(s) extended the theory
to the nondegenerate n-type Hgl_xCdee and Kinch et al., 66} confirmed his
theory with their carrier-lifetime data for n-type Hgo. 8Cd0. oTe; Auger re-
combination is relatively strong in n-type Hgl_xCdee. Recently, Petersen
has extended the theory to p-type Hgl_xCdee and verified that Auger recom-
bination in n-type and p-type Hgl_xCdee is due to the very different shapes
of the valence and conduction bands. All the zinc-blende crystal structure
semiconductors have similar band structures and so would have similar
Auger recombination properties.

In very recent work, Petersen(7) has extended the theory of Auger recombi-
nation to degenerate n-type Hgl_XCdee. The essential result is that Auger
recombination is considerably weaker than in nondegenerate Hgl_xCdee of
the same alloy composition x (and therefore the same )‘co)‘ This conclusion
is important to the design of an optimum zinc-blende semiconductor PV
detector, which will be an n+pp+ structure with the photodetection occurring
in the less heavily doped p-type region. If the n+ region is statistically
degenerate, its Auger recombination will be much weaker than otherwise

5. P.E. Petersen, "Auger Recombination in Hg, ,Cd Te," J. Appl. Phys.
41, 3465 (1970), 3

6. M.A. Kinch, M.J. Brau and A. Simmons, ''Recombination Mechanisms
in 8-14um HgCdTe," J. Appl. Phys. 44, 1649 (1973).

7. P.E. Petersen, Final Report, AFOSR Contract F49620-77-C~-0028, Feb.
1979,




expected from the high carrier concentration, so that diffusion current

+
from the n region can be small and the corresponding shot noise negligible,

The Auger lifetime is given by

2
ija 2ni (no/2Gee)
A (no+p0+An)[n0+An+B(pO+An)]

(15)

whe re Gee is the generation rate for the electron-electron processes and
8 is a very small number, expressing the reduced probability of hole-hole
processes due to the band structure. For extrinsic p-type Hg0 6Cd0 4Te

at typical temperatures, with negligible injected carriers, this reduces to

TA T2 A .

independent of the doping level, where TAi is the Auger lifetime in intrinsic
material. For extrinsic n-type Hgo. GCdO. 4’1“e,
2

5 (i : (17)
¥y = Tad
A i Ai

The magnitude of T4; can be easily calculated for the case of nondegenerate,
parabolic bands by (8)
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8. Blakemore, J.S., Semiconductor Statistics, Pergamon Press, Oxford
(1962) Chapter 6.
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" is the effective mass ratio of electrons to holes, a
1 and F‘2
on the exact shape of the conduction and valence bands. Uncertainty in the

her =m_ /m
where u e/h

small number in (Hg, Cd)Te, and F are overlap integrals depending
overlap integrals, together with other approximations and assumptions used
in the modeling, mean that Auger calculations are expected to give only
order-of-magnitude accuracy. The qualitative results can be relied upon
S
ounly for TA s

2.2.2 Radiative Recombination

Radiative recombination involves the recombination of an electron-hole pair
by emission of 2 photon with approximately the gap energy. If the transition
is between band extrema located at the same point in k-space, then it is
"direct" radiative recombination and involves only the photon emission; this
is the case for all the useful infrared photon detector materials. The lowest
possible thermal generation rate in an effectively perfect semiconductor
crystal occurs when Auger recombination is negligible so that only radiative
recombination remains. Thus to maximize the detector performance, one
always wants to reach the ''radiative recombination iimit" of the detector
material.

(9)

Van Roosbroeck and Shockley showed originally that the radiative re-

combination rate is given in general by

smk® T % 0 ? av?au (15
R &~ R S 19)
r h3 2 / expU-1
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g

Using a theoretical expression for g, Hall(lo) carried out the integration
and derived:

9. W. vanRoosbroeck and W. Shockley, ''Photon-Radiative Recombination
of Electrons and Holes in Germanium, " Phys. Rev. 94, 1558 (1954).

10. R.N. Hall, Proc. Inst. Electr. Eng. B. Suppl. 106, 923 (1959),
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In terms of lifetime,
2
.
T = -
r Rr(n0+po+An) (21)

Thus, the radiative lifetime is the same in n-type as in p-type material,

for the same doping levels, unlike Auger lifetime.

A comparison of radiative and Auger lifetime for Hgo 6Cd0 4Te of both.
carrier types is given in Table 1. In either n- or p-type Hgo 6Cd0 4Te,

radiative lifetime dominates over Auger lifetime. Only for high temperatures

or doping levels does Auger become comparable to radiative, and then only
for n-type material. To avoid Auger recombination altogether, the photo-
diode should be dominated by properties of the p-side; this is accomplished

with an n+ on p junction structure.

2. 2.3 Shockley-Read Recombination

In many semiconductors, lifetime is cetermined not byvthe Auger or radi-
ative processes, but by defects in the material. These defects introduce
energy levels in the forbidden gap, which allow holes and electrons to more
easily recombine. The theory of a single defect level in the energy gap was
developed by Shockley and Read. (!!) Previously, Shockley-Read lifetime

has been reported in heavily compensated n-type Hg0 8Cd0 2Te by I\'inch‘o)

’

11. W. Shockley and W. T. Read, Jr., "'Statistics of the Recombinations
of Holes and Electrons, ' Phys. Rev. 87, 835 (1952).
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Table 1. Calculated Lifetime in Hgo 6Cd0 4Te (in sec), for
Selected Temperatures and Carrier concentrations

Carrier
T |concentration (p-type) T,, (n-type) 7,, (porm) T g
(°K) N (cm'3) for Py © N for 0, = N for n0+po=N
10}% 1.3 x 10%3 2.6x 101 7.5x 10°2
100 10 1.8 % 1013 2. 6x 10‘2 7.5 x 1012
1016 1.3x 10 2.6x 10” 7.5% 10
10{‘; 4.5x 102 2, 8x 10-% 1.4 x 10-‘;
150 165 4.5x 103 3. 2% 107; 1.4x 107}
10 4.5x% 10 2.2x% 10 1.4x 10
1014 7.4 x 101 2.2x 10-1 2.1x 10-4
200 1015 7.4 x 101 2.3x 10-3 2.1x 10-°
1016 7.4 x 10! 2.3x 10°° 2.1x 106
1014 3.7x 1071 2.7x 1071 2.8x 1074
250 1015 3.7x 107! 2.7x 10°3 2.8x 1079
1016 3.7x 10"} 2.7x% 107° 2.8x 10°6
(12)

and by Ayache and Marfaing. These were majority carrier lifetimes,

in n-type material, however.
Shockley- Read lifetime is given by

S-R - "po (no e R ha} "no (po b i 4n) (22)

(nO + Pq + An)

where T po is the lifetime for holes in highly n-type material, and [ is the
lifetime for electrons in highly p-type material, ng is the thermal equilibriun
concentration of electrons, Po is the thermal equilibriun concentration of

holes and An is the concentration of photo-excited electron-hole paris.

12, J. C. Ayache and Y. Marfaing, Compt. Rend. Acad. Sci. B265, 568
(1967)
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T _ _and T__ can be expresse
o po a pressed as

A
po * o Vin Ny (23)

and

1 L2

el (24)
po cp Vinh Nt
where % and v _ are the effective capture cross-sections for electrons and
holes, v, is the thermal velocity defined by

th
LT [3 kT/me (25)
and N is the density of S-R recombination centers, n, and p; are defined as:
. = Nc exp (Et - Ec)/kT (26)
p; = Ny exp (EV - Et)/kT (27)
where Nc and NV are the conduction and valence band density of states, Ec
and Ev are the conduction and valence band energies, and E, is the energy

level of the Shockley-Read recombination center. In the simplest case of
interest for p-type material, with small An and E ¢ below midgap,

- P; \o E_-E
S-R " "o (1 L )|® To (1 *xP|_E__t (28)
Py kT

At low temperatures, the Fermi level EF is below the trap level, and the
lifetime is constant at Yuo" Lifetime increases exponentially with increasing
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temperature for EF >Et’ until limited by Auger or radiative recombination.
The energy level of the Shockley-Read defect can be determined from a plot
of lifetime versus temperature, through Equation 22.

Because Shockley-Read recombination is determined by the particular defect

involved, no a priori numerical calculations are possible. The density of

trapping centers and the capture cross-sections are needed to determine
Y and Et must also be known. However, the temperature dependence of
Shockley-Read lifetime is distinct from Auger or radiative lifetimes, allow-
ing positive identification of the recombination mechanism. The dependence
of lifetime on excess carrier density An can also be used to distinguish be-
tween the three mechanisms. Shockley-Read recombination is discussed in

more detail in Section 7. 1.
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SECTION 3
MATERIAL PREPARATION

3.1 BULK CRYSTAL GROWTH

All of the material used for this contract was grown at the Honeywell Corpo-
rate Material Sciences Center. The quench-annealed material (crystal 52374)
was grown under a previous Air Force contract. The growth process was
described in the final report issued under that contract(IS). Ingot 52374 was
selected because it was mostly single crystalline and very little of it had been
used for other purnoses. Ithad been intended as an A ¢ dopad ingot, but the
Atadhered to the quartz capsule during growth and never got into the crystal.
In our quench-anneal process, the ingot is inclined 20° from the horizontal
when it is quenched and therefore has a small compositional gradient from

top to bottom which is at right angles to the length of the ingot.

In order to ensure that every sample is uniform in composition, we cut rec-
tangular pieces parallel to the length of the ingot. These pieces are called
planks and are 1 cm long by 0.8 to 1.2 cm wide. The planks are given a
letter and number designation indicating the distance from the tip of the
crystal in cm and the distance from the top-side of the crystals in mm.

For example, sample 52374,J4 is the fourth 1-mm thick plank from the top
of section J which is 9 to 10 cm from the tip of crystal 52374, Forty-four
such planks were cut mainly from sections I through O (8 to 15 cm from tip)
and density was measured as described in Section 5.2. The composition of
these 44 planks was x = 0.3940,01, although each plank was uniform to

+ 0.002. Hall measurements, described in Section 5.1, showed that the hole

concentration for these planks was 1.7+ 0,2 x lolscm-3 as grown. However,

13. J.L. Schmit and E.S. Johnson, ""Exploratory Development on Hgl_xCdee
Improvement,' Phase II, March 1977, AFML-TR-77-21.
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b - -
the residual impurity content of 52374 is 4 + 2 x 101‘ donors cm 3. as indi-
cated by Hall measurements on planks D6, H4, K6 and T7 after annealing to

remove stoichiometric acceptors.

Most of these planks were never made into diodes. Eight were made porous
by annealing at too high a temperature, several were consumed during learn-
ing how to make good MIS devices and some were simpiy not used. Tables

5 and 6 in Section 6.1 list the samples from which - 8’ Le and ROA were taken.

Most of the samples were taken from one crystal (52374) because we expected
that unknown variations in impurities and defects from crystal to crystal
would affect the lifetime. However, one variation which could be easily
controlled was the crystal growth method. Six samples were cut from an
3-mm diameter zone leveled crystal. This crystal, 96V, was grown by

C. J. Speerschneider in 1970 under Honeywell internal funding. The crystal
was grown similar to quench-anneal crystals through the quenching step, but
instead of annealing the ingot to remove dendrites, a n olten zone was passed
through the ingot at 0.03 cm/hr to form a single crystal which was p-type.
The six samples from 96V, labeled K1 through K6, have x = 0.392 + 0,005

and had a hole concentration of 5.2 x 1016cm_3 before annealing.

3.2 CRYSTAL ANNEALING

When an ingot is grown it is normally annealed in its entirety in the growth
ampule in order to remove the dendrites formed during quenching. That
anneal is considered part of the growth process and is not the topic of this
section. We anneal for two reasons: either to lower the stoichiometric
acceptor concentration or to diffuse-in an impurity.

The stoichiometry of crystals is adjusted as described under a previous

(13)

contract Briefly, crystal samples, usually ~1x1 x 0.1 cm3, are
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loaded into quartz capsules with excess Hg and freshly crushed (Hg, Cd)Te
powder, evacuated and sealed off. The capsule is held in a vertical tube
furnace for several weeks and quenched in water. Due to a small positive
temperature gradiant in the furnace, the sample is annealed under the maxi-
mura vapor pressure of its constituents at the sample temperature. The
choice of annealing temperature determines the final acceptor concentra-

tion(14)

which compensates the residual donor impurity concentration. The
difference between the acceptor and donor concentrations gives the hole
concentration in a sample. Under this contract, a 30-day anneal at 275°C
was used to reduce the acceptor concentration to a negligible level so the
residual donor concentration could be determined. Recall from Section 3.1
that crystal 52374 has ~ 4 x 1015 donors cm-s. Table 1 lists the hole concen-
tration before and after annealing at various temperatures. It includes an
estimate of the acceptor concentrations obtained by assuming the donor con-

centraction is uniformly 4 x 1015cm_3.

Table 2. Acceptor Concentration as a Function of Annealing

Temperature
N, =N Anneal N,-N ~ N
Sample a"Np , A 'n A
(Before) Time | Temperature (after) (after) .
(x1016cm=3) | (Days) (°C) (x101%em=3) | (x101%cm™3)
52374,D6 Kad 30 200 -4,0 0
52374, P4 1.9 26 304 1.4 5.4
96V,K3 D.21 30 352 4,3 8.3
52374, N9 2.05 62 SO 8.3 12,3

14, J.L. Schmit and E.L.

Stelzer, J. of Electronic Matter. 7, 65 (1978).
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In order to get high hole concentrations, we added copper to the samples
before annealing. The method was straightforward: copper was first
sputtered in a thick layer on a dummy substrate to determine the deposition
rate. With the sputter process in steady state, the (Hg, Cd)Te planks were
moved into position to be sputtered for a few seconds to receive a few
angstroms of Cu. A 11 thick layer of Cu diffused uniformly through our
sample thickness should provide 3 x 1015 acceptor/cmS. The Cu coated
samples were sealed in a capsule with Hg and powdered (Hg, Cd)Te, evacu-
ated, sealed and annealed. Samples annealed for 4 or 7 days at 650°C with
insufficient Hg to provide the vapor pressure over free Hg (35 atmospheres)

Scm—z voids between 2 and 5 um in diameter. These

developed ~ 1.2 x 10
samples were not suitable for MIS devices or diodes and were not used
further. Samples without Cu also developed pits under these conditions.
Later diffusion anneals were for 7 days at 450°C with excess Hg and did not
show pitting. This technique was used to prepared Cu doped samples for the

MIS and diode work.

3.3 LIQUID PHASE EPITAXY GROWTH

Part way through this contract it became apparen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>