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SECTION 1
INTRODUC TION

Prior to this contract , lifetime data was available on a variety of samples
of Hg 1 ~Cd~Te. 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 Hg0 6Cd 0 4Te on carrier concentration. In
order to eliminate unknown side effects, most of the sam~1es were take n
from one crystal grown under our previous contract. The hole concentra-
tion was varied by annealing under Hg pressure and by diffusing-in Cu.
The composition was determined on the buL k samples by density and on
fini shed MIS and diode devices by measurement of the cutoff wave length.
Minority carrier lifetime was determined primarily by diode reverse
recove ry and ve r ified by BITS measurements. The minority carrier dif-
fu~ ion 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 , FV. and BITS sample s are described in Section 4. Measurement tech-
niques used to determine carrier concentration, alloy composition life-
time , diffusion length and R0A are described in Section 5. Result s of our
measurement s of carrier concentration, lifetime, diffusion length, mobility,
and B0A are given in Section 6. The analysis of these result s is given in
Section 7. FinaUy, our conclusions and recommendations for device design
and further research appear in Section 8.

1
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SECTION 2
THEORY OF (Hg , Cd)Te PHOTODIO DES

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 prope rties
in the material.

The detectivity D~ of a detector is given by

j ’R. A~~f
= I- . (1~X n

where R1 is the current responsivity, A is the optically active area, t~.f is
the noise equivalent bandwidth , and is the rms noise current in the band-
width ~f .

The current responsivity R~ for a photodiode is given by

x
R~~~-~~ iq (2)

where h is Plarek’s constant, c is the speed of light, q is the electron
charge and ~ is the quantum efficiency.

The noise source s associated with a phot odiode are shot noise due to back-
ground current , Johnson noise and shot noise due to ther mal generation,
and 1/f noise ~f.

= 4kT /R D + 2q I~~ + 2 ~~q 2 øB A~~~ f / A1’ (3)

2



where is the background flux , RD the diode dynamic resistance and 1D
the zero-background diode current. For a photodiode at zero bia s voltage,
and for which the backgr ound noise is negligible, D’~ is given by:

D’
, = ?~~!LJ

O 
(4)

There are two well-known current mechanisms which contribute to R0A.
These are generatio~i-recombination current and diffusion current . If there
are no contacts or sur faces within a diffusion length of the diode, the R0A
product due to diffusion current can be written as:

(R 0A) -1 
= 

+ n
2 J ]  ~,~/j ;  

(5)

where :

= intrinsic carrier concentration

~e’ ~h = electron and hole (minority carrier) mobility
Te Th = 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:

LD j _ ~~ p 1~~ (6)

3
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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:

L0~t = 2 . 5/a (7)

wnere a is the absorption coefficient, typically 5 x ~~ cm 1 . Thus , L t
5 microm eters. 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 b y using “ reflect ive” c~ ntacts~

1
~~

3
~. The use

of heavily doped p and n 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 R 0!i for the case where
reflective contacts are used is given by:

(R 0AY~ = q.j~~ — 
.j l

~e 

tanh (
~

)+ ~~~ 
JTt h(b f l)]  (8)

where b~ and b~ are the distances from the j unction 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 Long Wavelength Infrared at Moderate Temperatures,
Finai technical report , NASA Johnson Space Center Contract NAS9-l4180,
Mod . SS, 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,” Proceedings of the Joint Meeting of the
IRIS Specialty Groups on Infrared Detectors and Imaging-Volume L.J3-15
June, 1978, pp. 387-400.

4
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For n~ - on - p HgCdTe photodiodes at re latively high temperatures , diffu-
sion current from the p-side of the junction determines the R0A product.
In this case, for a thick p-side region (i. e., much thicker than a minority-
carrier diffusion length Le )i Equation 5 reduces to

H 0A = (9)

If i}~~ thickness of the p-side of the - 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
Rc,A product is given by

R A = 
1 [~E~i —4

~ 
/ii~i coth ( 10)

° q -J  q 
~ i~~ f~~~e \LeI

and if Le > b , then

kT NA ~R 0A = 
~~

— (11)
q ni~ b~

that is, R A  is proportional to the product of NA and ‘t~ for a “ thin” p-type
base region, whereas it is proportional to NA Te 

1/2 for a “thick” p-type
base region.

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

The expression for B A for g-r current has been derived by Sah. Noyce and
14) 

0
Shockley. ’ For bias voltages near V = 0, one has the following appr oxi-
mate expression,

4. C. T. Sah, H. N. Noyce and W. Shockley, “Carrier Generation and Re-
combination in P-N Junctions and P-N Junction Characteristics,” Proc.
IRE j~, 1228 (1957); see Equation 28, p. 1234.

5



qn. W
= 

_ _ _ _ _- (12)
VtD~ 

~ J

where : 
___________

/2 € (V b .+V)
W = depletion ~ayer width = ~ ( 13)

-J aN B

kT /N N \
Vbi = built-in voltage = —i- in ~ A

2
D

) 
( 14)

~~~~ 
~ minority carrier lifetimes on p and n sides of the junction.

Since diffusion-limited H A increases as n. -2 as the temperature is lowered,
while generation-recombination noise increases as , 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 R0A will not continue indefinite-
ly as the temperature is decreased further; at some temperature, the sur-
face leakage resistance (shunt resistance) dominates and R 0A becomes
independent of temperature. R 0A versus temperature curves for diodes
fabricated during this program are found in Section 6. 5.

2. 2 MINORITY CARRIE R LIFETIM E MEC HANISMS

In the previous subsection it was seen that R 0A’ S for both diffusion and
generation- recornbination limited operation depend on the minority carrier
lifetime. Three mechanisms can act to limit the lifetime : Auge r , radiative ,
and Shockley-Read. Of these, Auger and radiative are intrinsic to the
mater ial and operate even in perfect material sample s, while Shockley- Read
recombination is due to impurities and defects. In this subsection, analy-
tical models of the three mechanisms are 

presented .6
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2. 2. 1 Auger Recombination

Auger recombination involves the collision of two ele ctrons (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 recornbination 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~

5> extended the theory
to the nondegene r 3.te n-type Hg 1 ~Cd~ Te and Kinch et al. , (6) confirmed his
theory with their carrier-lifetime data for r i-type Hg0 8Cd 0 2Te; Auge r re-
combination is relatively strong in n-type Hg 1_ ~ Cd~ Te. Recently, Petersen
has extended the theory to p-type Hg 1 ~Cd Te and verified that Auger recom-
biriation in n-type and p-type Hg 1 ~ Cd~ Te is due to the very different shape s
of the valence and conduction bands. All the zinc-blende crystal structure
semiconductors have similar band structures and so would have similar
Auge r recombination properties.

In very recent work, Petersen~
7
~ has extended the theory of Auger recombi-

nation to degenerat e n-type Hg 1 ~CcTe. The essential result is that Auger
recombination is considerably weaker than in nondegenerate Hg 1 ~Cd~ Te of
the same alloy composition x (and therefore the same X ) .  This conclusion
is important to the design of an optimum zinc-blend e semiconductor PV
detector, which will be an fl+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 Recombiriation in Hg1 ~
Cd

~
Te,” J. Appl. Phys.

41, 3465 (1970).

6. M. A. Kinch, M. J. Brau and A. Simmons, “ Recom ination Mechanisms
in 8-l4pm HgCdTe,” J. Appi. Phys. ~4, 1649 ( 1973).

7. P. E. Petersen, Final Report, AFOSH Contract F49620-77-C-0028, Feb.
197 9.
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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 give n by

2n. 2 (n /2G
= (n 0+p0+~~n) [n0+~~n+ B (p +~~n ) }  ( 15)

whe re Gee is the generation rate for the electron-electron processes and
8 is a very small n umber, expressing the reduced probability of hole-hole
processes due to the band structure. For extrinsic p-type Hg0 6Cd 0 4Te
at typical temperatures, with negligible injected carriers, this reduces to

‘TA = 2 ‘TAi ( 16)

independent of the doping level, whe re is the Auger lifetime in intrinsic
material. For extrinsic n-type Hg 0 5Cd0 4Te,

TA 2
t

,) 
‘TAi ( 17)

The magnitude of T \j  can be easily calculated for the case of nondegenerate,
parabolic band s by (8)

Il +2p E

T . = 
3 . 8x  ~~~~~ ~~2 (1~~ ) u i ’2 (l-t 2)~~ exp L~+~ ~—i (18)Ai 

(me
”
\ ~F 1F2 ~2 

~~~~

, 3/ 2

\m  I kE
0 /  \ g

8. Blakemore, J. S. e Semiconductor Statistics~ Pergamon Press, Oxford(1962) Chapter 6.
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where ~.z = rn /n i h is the effect ive mass ratio of electrons to holes , a
small number  in (H g, Cd)Te , and F 1 and F 2 are overlap integrals depending
on the exact shape of the conduction ari d valence bands. Uncertainty in the
overlap integrals , together with other approximations and assumpt ions u sed
in the modeling, mean that Auger  calculations are expected to give only
order -of - magnitude accuracy . The qualitative results can be relied upon
only for 

~A > rad. A

2 . 2 . 2 Radia t ive Recornhination

Radiative r ecombination invol ve s the  recombination of an elect ron-hole pair
by emission of a photon wi th approximately the gap energy . If the transition
is between band ~xt ren ia  lorated at the same point in k-space , then it is

~direc t v radia tive recomb inat ion and involve s only the p hoton emission; this
is the case for all the u s e f u l  i n f r a r ed  photon detector materials.  The lowest
possible thermal  generation rate in an effect ively perfect semiconductor
crystal occurs  when  •~ uger  recombination is neg ligible so that  onl y radiat ive
recombination remains.  Thus  to maximize the detector performance , one
always wan ts to reach the “ radiative recombination limit ” of the  detector
material .

Van Roosbroeck and Shockley~
9
~ showed originally that the radiative re-

combination rate is given in general by

3 3  2 28rnc T ( n 1 aU dU
R r = 

~~ ) expU- 1
Ug

Using a theoretical exp ression for a, Hall U 0)  carried out the integration
and de rived:

9. W. va nRoosbroeck and W. Shockley, “ Photon-Radiative Recombination
of Electron s and Holes in Germanium , ” Phys. Rev. 94 , 1558 ( 195 4) .

10 . R . N .  Hall , Proc . Inst . Electr. Eng . B. Supp i. ~~~ 923 (1 959) .

10
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Br = 5 x io 13 
~~ 

i / 2 ( m  ,:~
)

3/2  
(i + +

me + mh \ m mh
(2 0)

~~~ 
3/ 2  

E 2
\ T )

In t er ms of lifet ime,

2n.
T = H r ~~o ~ ~o + A n )  (2 1)

Thus, the radiative lifetime is the same in n-type as in p-type material,
for the same dopi ng levels, unlike A uge r lifetime.

A com parison of radiative and Auger lifetime for Hg 0 6Cd 0 4Te of both.
car rie r type s is given in Table 1. In either n- or p-type Hg0 6Cd 0 4Te,
radiati ‘e lifetime dominates over Auger lifetime . Only fo r high tempera t ures
or d oping levels does Auger become comparable to radiative, and then only
fo r n-type material. To avoid Auger recombination altogether , the photo-
diod e should be dominated by propertie s of the p-side; this s accomplished
with an n+ on p j unction structure .

2. 2 . 3 Shockle~y-R ead Recombination

In many sem iconduc tors , lifetime is c ete rmined not by the Auger or radi-
at ive processes, but by defe cts in the material. These defects introduce
energy levels in the forbidden gap, which allow holes an d electr ons to more
easily recombine. The theory of a single defect level in the energy gap was
develope d by Shockley and Read. ( 11) Previously, Shockley-Read lifetime,
ha s been reported in heavily compensated n-type Hg 0 8Cd0 2Te by Kinch~

0) ,

11. W. Shockley and W. T. Read , Jr., “ Statistic.~ of the Recombinations
of H oles and Ele ctr ons, “ Phys. Rev. ~7, 835 (1952).

11

~

.. .

~

- . - - - - - --



Table 1. Calculated Lifetime in Hg0 6Cd 0 4 Te (in sec), for
Selected Temperatures and CarrIer concentrations

Ca rr ier
T Concentration (p-type ) TA, (n-type ) TA’ (p or n) Trad( K )  

N (cm 3) for p0 = N for n0 = N for n + p0=N

io l4 1.3x io13 2 . G x 10-1 7 .5 x io~~100 io 15 1.3 x io 13 2 . G x 10~~ 7 . 5 x  10~~
io 16 1. 3 x io 13 2 . 6 x 10~~ 7. 5 x io l7

_ _ _ _ _  - 

10 14 4. 5 x 1O~ 2 . 2 x 10-i l.4x l0~~
150 l0~~ 4 . 5 x 10~ 2 . 2 x 1. 4 x i0~~

10 4 . 5 x  10 2 . 2 x 10 i. 4 x 10
10 14 7.4 x 101 2. 2 x i0 1 2.1 x

200 10 15 7. 4 x 101 2. 3 x iO~~ 2 . 1 x l0~~
______ 

io 16 7.4  x. 101 2 . 3 x 1O~~ 2. 1 x io 6

io 14 3. 7 x 1O~~ 2 . 7 x 10~~ 
— 

2.8 x
250 3 . 7 x  10_ i  2 . 7 x  io~~ 2 .8 x 10~~

io 16 3. 7 x 10-1 2. 7 x l0~~ 2 . 8 x i o_ 6

and by Ayache and Marfaing . ( 12) These were majority carrier lifetimes,
in n-type material, however.

Shockley- Head lifetime is give n by

T S-R 
= 

~~~~~ 
(n c~ 

+ ni + An) + ~~~~ (p 0 + p~ + An) (2 2)
(n 0 + p + An)

where T is the lifetime for holes in highly n-type material, and is the
lifetime for electrons in highly p-type material, n0 is the thermal equilibriun
concentration of electrons, p0 is the thermal equilibriun concentration of
hole s and ~n is the concentration of photo-excited electron-hole paris.

12. J. C. Ayache and Y. i~arfaing, Compt. Rend. Acad . Sci. B265, 568( 1967)
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and can be expressed as

L 
= 

1 (2 3)
~~0 a v th Nt

and

= 
1 (“ 4)

~~0 Up Vt~•
N~;

where a~ and r are the effective capture cross-sections for electrons and
hole s, V th is the thermal velocity defined by

v th = ~~~~~~ kT/m (25)

and N is the density of S-H recombinatioti centers, n1 and p~ are defined as:

= N~ exp (E t - E
~ )/ k T (26)

p . = N~~exp (E v - Et )/kT (27)

where N
~ and N~ are the conduction and valence band density of states, E~

and E~ 
are the conduction and valence band energies, and Et is the energy

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

TS R  = T 
(i 

+ P
i)= 

¶ 
(1 

+ ex~~[5~~~t ]) 
(28)

At low temperatures, the Fermi level EF is below the trap level, and the
lifetime is constant at r~ 0. Lifetime increases exponentially with increasing

13
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temperature for E F >E t ,  until limited by Auger or radiative recombination.
The energy level of the Shockley-Read defect can be determined from a plot
of lifetime versus tempe rature, 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 captur e cross-sections are needed to determine
~~~~~~~, 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-
tvteen the three mechanisms. Shockley-Read recombination is discussed in
more detail in Section 7. 1.

14
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SECTION 3
MATERIA L PREPARA TION

L..

3.1 BULK CRYSTAL GROWT H

All of the material used for th is contract was grown at the Honeywell Corpo-
rate Material Sciences Center. The quench-annealed material (crystal 52374)
was grown under a previous Air  Force cont ract . The g rowth process was
de scribed in the final report issued under that contract~

13
~. Ingot 52374 was

selected because it was mostly single crystalline and very litt le of it had been
u sed for ot her  pu r~oses. It had been intended as an A L doped ingot , but the
A~~adhered to the quart z capsule during growth and never got into the crystal .
In our quench-anneal process, the ingot is inclined 200 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 p ieces parallel to the length of the ingot . These pieces are called
planks an d are 1 cm long by 0 .8 to 1.2 cm wide . The planks are given a
lett er and nu mber de signation indicating the distance from the tip of the
cry stal in cm and the distance from the top-side of the crystals in mm.
For example , sample 52 374 , J4 is the fourt h 1-mm thick plank from thc top
of section J which is 9 to 10 cm from the tip of crystal 52374. Forty-four
such planks we re cut mainly from sections 1 th rough 0 (8 to 15 cm from tip)
and density was measured as described in Section 5.2. The composition of
t hese 44 planks was x = 0.39± 0 .01 , although each plank was uni form to
± 0.002 .  Hall measurements, described in Section 5 .1, showed that the hole
concentration for these planks was 1.7 ± 0 .2 x lO t 6cm ~ as grown . However ,

13. J .L .  Schmit and E.S . Johnson , “ Exp loratory Development on Hg 1...~ Cd~ Te
Improvement , ” Phase II , March 1977 , AFML-TR-77-2 1.
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the residual impurity content of 52374 is 4 ± 2 x 1O~ ” donors cm 3, as indi-
cated by Hall measurement s on planks D6 , H4 , K6 and T7 after  annealing to
remove stoichiometric acceptors.

Most of t hese pla nks were never made into diodes. Eight were made porou s
by annealing at too hi gh a temperature , seve ral were consumed during learn-
ing how to make good MIS devices and some we re simpiy not used.  Tables
S and 6 in Section 6.1 list the samples from which e ’ Le and R0A were taken.

Most of the samples were taken from one crystal (52374) because we expected
that unknown va r iations in impurities and defects from crystal to crystal
would affect the l ifetime. However , one variation which could be easily
controlled was the crystal growth method . Six samples were cut f r om an
3-mm diameter zone leveled cry stal . 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 ri 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 K i  th r ou gh K6 , ha ve x 0 .392 ± 0 . 005
ari d had a hole concent ration of 5 .2  x 10~ 

6cm ~ before annealing .

3.2 CRYSTAL ANNEALING

When an ingot is grown it is normally annealed in its entirety in the growt h
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 lowe r the stoichiometri c
acceptor concentration or to diffuse-in an impurity.

The stoichiometry of crystals is adjusted as described under a previous
contractU3). Briefly, cry stal samples , usually 1 x 1 x 0. 1 cm 3, are

16
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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 ve rtical tube
furnace for seve ral weeks and quenched in water. Due to a small positive
temperature gradiant in the furnace , the sample is annealed under the maxi-
mum vapor pressure of its constituent s at the sample temperatu re . The
choice of annealing temperature determines the final acceptor concentra-
tion~~

4
~ which compensates the residual donor impurity concent ration . The

difference between the acceptor and donor concent rations gives the hole
concentration in a sample. Under this  contract , a 30-day anneal at 27 5°C
was used to reduce the acceptor concentration to a negligible level so the
re sidual donor concentration could be determined. Recall from Section 3.1

15 —3that crystal 52374 has 4 x 10 donors cm . Table 1 lists the hole concen-
t ration before and after annealing at variou s temperatures.  It includes an
estimate of the acceptor concentration s obtained by assuming the donor con-
centracion is uniformly 4 x 1015cm 3 .

Table 2 . Acceptor Concentration as a Function of Annealing
Temperature

N -N Anneal N -N
Sample A D _____  _ _ _ _ _ _ _ _ _ _ _  A D

(Before ) Time Temperature (after) (after)
____________ 

(x10 16cm 3) (Days) (°C ) (x10 15cm 3) (x10 15cm 3)

52 374 , D6 1.2 30 275 -4. 0 0
5237 4, P4 1.9 26 304 1.4 5.4
96V K3 5.21 30 352 4 .3 8.3
52374,N9 2.05 62 375 8.3 12.3

14. J . L .  Schmit and E.L. Steizer, J. of Electronic Matter. 7, 65 (1978).
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In order to get high hole concent rations, we added copper to the samples
before annealing . The method was straight forward: copper was fir st
sputtered in a thick layer on a dummy substrate to de t ermine the deposition
rate. With the sputter process in stead y 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 iA thick layer of Cu diffused uniforml y th rough our
sample thick ness sh ould provide 3 x i0 15 acceptor/cm 3. The Cu coated
samples were sealed in a capsule with Hg and powdered (Hg, Cd)Te , evacu-
at ed , scaled 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)
devel oped ~- 1. 2 x 105cm 2 voids between 2 and 5 urn in diameter. These
samples we re not suitable for MIS devices or diodes and were not used
fur ther .  Samples without Cu also developed pits under these conditions.
Later diffusion anneals were for 7 day s at 450°C with excess Hg and did not
show pitting . Th~.s technique was used to prepared Cu doped samples for the
MIS and diode work .

3.3 LIQUID PHASE EPITAXY G ROWTH

Part way through this contract it became apparent that neither quench -
annealed material nor zone-leveled material was free of lifetime limiting
Shockley-Read (SR) recombination centers. The growth process most
lik ely to provide material with a lower concent ration of SR centers was LPE
(Liquid Phase Epitaxy ) due to its lower growth temperature .

Du ring the early 1970’s we attempted LPE growth from a Hg rich melt , but
were not very successful . The ve ry large segregation coefficient for Cd
(the Cd concent ration in a given laye r is ‘~~ 50 times the Cd concent ration
in the metal-rich melt it grew from ) made composition control very diffi-
cult . Unde r this cont ra ct we chose to pursue the LPE growth of (Hg, Cd)Te
from a Te rich melt on a CdTe substrate. The segregation coefficient is

18
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m’ich less with a Te-rich melt and the lower Hg vapor pressure permits
open-tube slider growth .

We have designed and built a system based on our experience with slider
LPE growt h of I l l -V compounds. As of January 15 , 1979 , we det e rmi ned a
few l iquidus  compositions and temperatures , determined the parameters of
sur face  preparat ion , slider -subst rate cleara n ce , degree of super-cooling,
et c . ,  which allow the melt to wipe-off , and have attempted iG-layer growths.
Mo st of the  evaluation to date has been microscopic determination of growth
morpholo gy, but the mcre recent layers are p-t ype and are good enough to
begin electrical measurements .  No LPE material was grown or evaluated
dur ing 197 8, t he re fo re , the diode measurements  and the conclusions of th i s
repor t refe r only to quench-anneal  and zone-level grown material . The
growt h and evaluation of LPE (Hg. Cd)Te is the goal of our  1979 work and
will be re ported in earl y 1980 .
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SECTION 4
DEVICE FABRICATION

4.1  MIS SAMPLE FABRICATIO N

The basic MIS s t ructural  configuration used for th i s  work is shown in
Figure  2. The st ructure  consists of a (Hg, Cd)T e substrate upon which a
dielec tric insulator (t yp ically 400 0 A th ick)  is deposited. The gate elec-
trodes are circular (0.015 inch diameter) gold dots evaporated to a thickness
of abou t 100 $ . Smaller indium dots , 0.005 inch in diameter , provide a con-
tact pad onto which a gold wire is bonded by thermal compression .

IC BONDED 601.1) WIRE

0.005” D I A  IND I UM DOT

0.015” D I A GOLD 100~~THICK
_-\

\
\~~~~ 

1

INSULATO R

(Hg,Cd)Te

SUB STRAT E CONTACT

Figure 2 . MIS Structure Configuration
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Prior to the fabrication of MIS s t ructures , the wafe r of (Hg, Cd)Te is mounted
on a lapp ing fixture and lapped with successively fi ner abrasives. The wafe r
is then removed from the fixture , rinsed , cleaned, and then etched in a 5: 1
methanol/bromine solution for 10 seconds. The etching solution is continu-
ou sly ci rculated to en3ure a smooth and uniforml y etched surface. The etch
is foll owed by a series of rinses.

An insulating coating i3 then deposited. The insulator used for most devices
w~~s thor ium tetraf luoride (ThF 4 ) , This  insulator was chosen primarily for
its low pinhole density,  and it resulted in a hi gh y ield of ope rative MIS
structures .  In addition , it has a high dielectric con stant (c~~~~.l2  e~ ) which
allows a reasonably th ick coating ( - “  4000k in th is  case) . The ThF 4 / (Hg,  Cd)T e
interface has also been found to exhibit lower surface state densities tLan

most of the other dielectrics studied. (15-17) ThF 4 was deposited by evapo-
ration of ThF4 powder in a vacuum.

Sputtered ZnS was also used as the insulator on several MIS sa mples. This
w as pri marily done as a diagnostic aid in fabricating photc-diodes , which use
ZnS as the surface passivation layer. MIS C-V curves are used to deter-
mine the ZnS / (Hg, Ca)Te surface potential , wh ich can have a large e ffect
on photodiode operation. The curves are also used to determine bulk car-
rier concent ration . For both MIS structures and photodiodes fabricated on
this  program, ZnS was deposited by HF sputtering .

15. J .  D. Beck , EL M. Broudy, and R . W .  Bechdolt , “ Metal-Insulator-
Semiconductor Results in 3 to 5 Micrometer (Hg, Cd)Te , ” Proc . IRIS
Detector Specialt y Group Meeting, 1977.

16. R .W .  Bechdolt , “ A Metal-Insulator-Semiconductor Study of the Bulk
and Surface P roperties of (Hg, Cd)Te , ” Master ’s Thesis , Department of
Electrical Engineering and Computer Science , Massa chusetts Institute
of Technology, May, 1977 .

17. J . D .  Beck and R . W .  Bechdolt , “ Exploratory Development of (Hg . Cd)Te:
Trapping and Surface Processing, ” First Interim Technical Report ,
AFML Contract F3361 5-76-C-5070 , Ja nuary-October 1976.
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After  insulator deposition , the next step was evaporation of the gold field
plate. Circular dot s, 0. 015 inch in diameter , wer e evaporated to a thick-
ness of approximately 100 ~ through a metal mask. The thin laye r of gold
was used because it is semitransparent to infrared radiation with wave-
le ngths between 3 and 5 micrometers . It was then possible to measure the
bandgap with a spectral response setup described later in this section.
Ne ct , indiu m dots of 0 .005 -inch diameter were evaporated onto the gold to
a th ickness  of approximatel y 1 . 5 micrometer .  These relatively soft indium
pads could have gold wires bonded to them with little pressure so that no
damage would result to the insulator.  The substrate contact consisted of
a conductive silver paste into which the wafer was pressed. The wafer was
then mounted into a dewar.

4 .2  PHOTODIODE FABRICATION

The diodes used in this  stud y were formed by ion implantation of boron into
p-t ype l1g 0 6 1 Cd 0 3 9 Te , resulting in an n~ -ou-p s t ructure . A heavy dosage
of boron was used , giving an electrically active donor concentration of ap-
proximately 2 x io 18 cm 3 . This n~ concentration was much greater than
any of the p-side acceptor concentrations used , so that in all cases we h~.d
essentially a one-sided junction . In this  way, only the properties of the
minori ty-carr ier  electrons on the p-side mattered.

The fabrication procedure is outlined in Figure 3. It began with preparation
of the wafer back surface by lapping with successively fine r ab rasive s,
cleaning, and et chi ng in a 5: 1 methanol/bromine solution . The same pro-
cedure was used for the wafer front surface , followed immediately by sput-
tering of approximatel y 1000~ of ZnS over the whole surface . A thick photo-
resist pattern was then deposited over the insulator to define the diode active
areas for implant . In most cases, the pattern consisted of linear arrays of
10 x 10 mu squares; however , seve ral of the early array s used patterns
wi th a wide range of areas.

22
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F I I. LAP, POLISH, AND ETC H FRONT
p-(Hg,Cd)Te ] AND BACK SURFACES .

P HO TORE S IS I

A 
2 . DEPOSIT ZnS OVER FRONT SURFACE;

p-(Hg,Cd)Te 
MAS K FOR IMPLANT.

~~~~~~~
7A 

3. IMPLANT BORON IONS, TO GIVE
LAYER

p

n~ 4 . APPLY GOLD CHLORIDE SOLUTION TO
BAC K SIDE; ANNEAL TO REMOV E
DAMAG E AND DIFFUSE IN SOME GOLD.

PHOTORE S IST LAU

5. S PUTTER ADDITIONAL Zn~; MASK
FOR CONTAC T HOLES .

_________________ 6. ETCH CONTACT HOLES THROUGH

~
— — —

~~~
‘ -

~
- — — —

~ 
ZnS; EVAPORATE In PADS.

_ _ _ _ _ _

J 7. IMBED DEV~~E ON SILVER PAINT INL_ _ _
~~

_ _ J I FLATPACK; AUACH GOLD WIRES TO
In PAD AND GROUND.

L_ _ _  ~~~~~ I‘II - _ _ - r
~ 

Figure 3. Photodiode Fabrication
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Bo:on ions were imp lanted in two steps , at 100 KeV and 40 KeV , to obtain
the desired dop in g prof i le .  The dosage was 1 x 10 15 cm 2 in both cases.
A f t e r  imp lantation , the  photoresis t  inp iant mask was removed , and a solu-
tion of gold chloride app lied to the entire wafer  back sur face .  This  ensures
a good ohmic p -s ide  contact . A therma l anneal to remove the  imp lantation
damage was then  done at 150°C for  two hou rs .

A f t e r  the anneal , an additional 3000A of ZnS was sput tered over the entire
front  sur face . Photoresist  was then  used to mask for  the contact holes ,

-f .wh ich  were etched through the  ZnS to the n - side of the junct ion . Thick
ind ium pads were evaporated into the  contact holes , and gold wires  bonded
to the indium pads. The back side of the wafe r was imbedded in silve r paint ,
in a flat pack , and a common ground wire  a t tached.  The flat pack was then
mounted in e i ther  a glass dewar , for  pre l iminary test ing,  or a metal variable-
tempera ture  dewar. Typicall y, 15 to 25 devices from each wafer  we re
bonded for testing .

4 . 3  BITS FAB RICATION

The Backside- I l lumina ted  Tapered St ru c ture  (BITS) was developed at
Elone ywell specilicall y to measure  the minorit y carrie r diffusion length in
HgCdTe. Its princi ple of opera tion is explained in Section 5 .7 . The fabrica-
tion procedure is diag rammed in Fi gure  4 an’l briefl y exp lained below .

Fabrication began with angle-lapping of the IR-t ransp arent  subst rate to the
desired taper and then polishing . The backside of the p-type HgCdTe wafer
was prepa red by lappi ng with successively fi ner abrasives , cleaMng, and
etching in 5:1 methanol/bromine.  Immediatel y af ter the etch , 1000 .~ of ZnS
was spu t tered on to passivate the hack sur face .  The backside was then
glued to the tapered substrate.
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Figure 4 . BITS Fabrication
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Figure 4. BITS Fabrication (Concluded)

26



The substrate was mounted on a lapp ing plu g, and the HgCdTe/substrate
structure lapped parallel to the substrate back su rface . This resulted in

L. a tapered slice of HgCdTe.

On each of the resulting rows, a double row of 4 x 6 mu 2 implanted diodes
was f ormed , essentially as described in Section 4. 2. The major difference
was the ground contact , which could not be formed on the inaccessible back
s u r f a c e . Instead , a 2-mu wide gold strip was deposited on the front sur-
face , between the two rows of diodes. This was done after the damage
anneal and before the second ZnS deposition . At the same time that contact
holes were etched to the diode n+ regions, holes were etches to the gold
stripe at each end of the array . Silve r paint was used to make contact be-
tween the gold st ri p and t he g round wire . In some cases ground contact
was made only at the th ick  end of the array to avoid damag ing any th in-end
diodes.

In order to mount the devices upside down , alu mina circuit boards with
chrome- gold pat terns were epoxied to the substrate . Gold wire s were
bonded fr om the indium pads on the devices to the circuit  boards, A second
gold wire was bonded to the outside of the circuit  board and left hanging free .
An alumina spacer was then  epoxied on top of the circuit  board and the whole
a ssembly inverted. TDe device was mounted by attaching the alumina spacers
to the dewa r pedestal with epoxy, leaving the diodes suspended above the
pedes tal and facing away from the outside environment . The gol d wires
connect ed t ’i the circuit boards were then soldered to mounting terminals
in the  dewar.  -

A number of variations on the above procedure were t r ied.  First , seve ral
substrate materials we re used. CdTe had good IR transmission and an
excellent thermal  expansion match to HgCdTe , but its b rittleness resulted
in seve ral cracked substrates during the fabrication procedure . Sapphire
had good transmission and excellent mechanical strength;however, it was very
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1’

di f f i cu l t to lap and poli sh.  Irtran II (ZnS) was eventuall y selected for its
good transmission, mechanical strengt h , and relat ive ease of angle lapping .
No degradation in diffusion lengt h was seen resulting from strain , due to
some thermal expansion mismatch between ZnS and HgCdTe.

A major pr oblem encount ered dur in g development of the BITS structure was
stray radiation in the dewar. It was found that stray radiation making its
way to the diode front surface could produce a sizable background current;
t he current of t en swamped ou t t he cu rrent or iginat ing at the backside for
the thicker  element s. Because the expression relating diffusion length to
signal curre nt con sidered only signals originating at the back surface , this
ef fec t posed major problems in interpreting the data . Se ve ral measures
were taken to minimize the background with good success. The first was to
evaporate a thick chrome-gold layer between the HgCdTe rows, on the sub-
st rat e surface , blocking the incident radiation between rows. The second
was to blacken the inside of the dewar , and especially the pedestal directly
under the  device. These measures resulted in about an order of magnitude
reduction in the background current .

28

- -.
~~~

--
~~~~~~~———— — --— —— - ----—-- — -. --



H

SECTION 5
MEA~.,UREMENT MET HODS

L

This section details the methods used to characterize our Hg 1~~ Cd~ Te
material and devices. It includes a description of how we make and inter-
pret Hall measurements , and how we determine composition . We describe
h ow MIS methods are used to determine electrical type and concent ration
and to determine alloy composition. The use of the diode reverse recovery
technique and R0A versu s temperatu re measurements to determine lifetime
are described. EBIC (Electron Beam Induced Current ) and BITS (Backside
Ill uminated Tapered Structure)  to determine minority carrier di f fu s ion
length are described.

5.1 DETERMINATION OF CARRIER CONCENT RATION
USING HALL MEASUREMENTS

5 . 1. 1  Electrical Contacts

Du ring our previous contract with AFML~
13

~, we de veloped a technique for
makin g ohmic contacts to Hg 1_ ~ Cd~ Te which were good down to 16K . Under
t he present cont ract , we needed to cool only to 77K , an d so a simpler
contacting technique was developed. Square samples 1 x 1 x 0 .1  cm 3

sui table for Van der Pauw Hall measurements were used. The corners of

each square were electropolated with Cu using CT367 U 8) without masking .
Indium dot s were soldered to the corners using DIVCO Numbe r 229 stainless
steel flux and excess Cu was re m oved by a 1-second HNO 3 rinse . Copper
leads were then attached and measurements made from ei ther  300 or 400 to

18. Coppertech , Inc., 9th & Greenleaf St., Allentown, PA 18102.
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77K . The advantage of these contacts over the Au ones used p reviously is
ease of app lica tion . Since Cu is not as soluable as Au in In , n o an t id i f fus ion
barr ier  is required and the entire ope ration can be done without masking the
sample.

Low resistance ohmic contacts are made to n-type Hg 1_ ~ Cd~ Te by solderi ng
with In just above its melting point without  using f lux.

5 . 1 . 2  Hall System

The temperature-dependent Hall and resistivity measurement s on the p-type
samples are made potentiometricall y with a Fluke 8300A digital voltmeter .
A Varian V2 100 dc magnet and power supp ly a re used for the field of 1 to 8
kil ogauss. The cryogenic system is a Janis 8DT cryostat with a calibrated
GaAs diode and Lakeshore DTC500 controller. Measu rements are made at
discrete temperatures on this system and plotted as a function of reci procal
temperatures  to determine the carrier concentration as discussed below .

5. 1. 3 De termination of Carr ier  Concentration

Ei ther  Van der Pauw, or regular Hall measurement s give the Hall coefficient ,
R H, at each temperature and the resistivity is also routinel y measured.
Howeve r , knowing R11 at one temperature does not automatically give the
h ole concent ration . The Hall coefficient is related to carrier concent ration
by the following expression: U 9)

R r ( nb - p )  
(29)

~‘ q ( nb + p) 2

H. E. H. Putley, The Hall Effect and Related Phenomena, Butterworths ,London ( 1960) .
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where

r scattering coefficient
q = electronic charge
mm = electron concent ration
p = hole concentration

b the mobility ratio ,
= electron mobility
= hole mobility

The scattering coefficient  is usually near one and we have no measure of it
anyway, so we assume r = 1 in the  following discussion . Equation 29 can be
simplif ied t inder  certain conditions to give the electron and hole concentrations
dir ectly. The usual conditions are exhaustion (when n>~.p or p~ >n) , cross-
over  (when R H = 0) ,  peak (when RH is a maximum) , and int r ins ic  (where
n = p. usually at high t e m p e r a t u r e ).  These regions are indicated in Figure 5.

In n t T p e  material where  n~~p, Equa tion 27 reduces to

r 1 — 6 . 25 x io 18
RH = qn or ~ = 

~~~~ 
= H11 

(30) 
-

in cgs un i t s .  Similarly, in heavi l y p-typ e material where  p>~’nb 2 Equation
29 red u ces t o

- r -1 +6. 25 x io 18
= —

,,
--— or p = —

~~
—— = — . (31)

H

Equ a t ions 30 and 31 app ly only to heavil y enou gh doped samples at low
enough temperatures  so that intrinsic carriers  are negligible but not so low
that the impurities are freezing out (are not ionized). Measurements must
be made as a function of temperature to ascertain that the conditions are
met . All the  Hall measurements  under  this cont ract were taken ove r the
range 77 to at least 300K . Fi gure 5 is a plot of R11 vers us inverse
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temperature for a typical sample measured.  The value of (N~ ~N D ) =

4.3  x 10 15 cm 3 is found from the exhaustion portion of t h i s  curve .

At the crossove r where  RH = 0 Equation 29 reduces to

2 2 2p = nb n. b = n 1 b (32 )
p

If we assume b = 30 , then the crossover t emperature  for the samp le in
F igU re 5 y ields a value of (N A 

- N D ) = p = 5 . 7 x 10 15 cm 3 . Only one di git
is signif icant  since the value of b is estimated and the  exa~t temperature of
the crossove r is not accurately measured .

At the peak value of H11, Equation 26 reduces to

(b - l ) 2 bRu = - _____ — or p = ___________-_ (33)
4bqp 4 qR ~1 (max )

assuming  h -‘.1 . For  the  examp le shown in Figure 5, again assuming b = 30 ,
we find (N 1 

- N D ) = p = 6.5 x 10 15 cm 3 . As in the  crossove r case , only one
digit is s igni f icant .

In the  in t r ins ic  case where  n p because most electrons and holes are
gene rated by thermal excitation across the  bandgap, Equa tion 26 reduces to

- 
(h - i)  

- 
I -R11 

- 

q~~ (b +l )  - 

q~~

wh~ re n . is the in t r ins ic  carr ier  concent ration .

Equation 34 i3 f requent l y used to determine n . exper imenta l ly  using n-t ype
samp les. Under  th is  cont ract our  main intere st was in p - tvr e  samples , and
si nce (N A - ND

) does not come into Equation 34 , it cannot be used to dete rmine
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(20 )(N A 
- N D ) . V~e simp ly use the calculated values of n1 to comp lete the

hi gh- tempera ture  portion of the  Flail  curve  as shown in Figu re 5.

5. 1 .4  Mobil i ty Ratio

In much  of the preceding d iscuss ion  we used an estimated value of the elec-
t ron to hole mobilit y ratio , h .  The value used came from dividing the d ee-

t ron mobi l i t y  01 an n -type sample by the  hole mobil i ty measured in a p-t y p e

samp le. An example of a p lot of elect ron and hole mobili t ies is found ir~
F i g u re  6, which  is taken f rom F i g u r e  30 of the Second Interim Report issued

under  a re ’ ent A I ”ML cont ract .~
2
~~ Dividing the electron mobility by the

hole mobi. tv give s an estimate of h , as shown in Fi gu re 7. The ratio was
de t e r m i ned for  11 pairs  of samples f rom crystals which  contained both n and
p- type regions. The crystals were grown during 1971 through 1974. Figure
7 shows three typical plots. Averaging all 11 pairs gives the following esti-
mate of b (Tabl e 3):

Table 3 . Mobility Ratio for f ig 0 6Cd 0 4Te

T (K) b

400 2 8 ± 4
300 3 0 ± 4
200 34 + 4
150 3 8 ± 4
100 44 ± 2

70 4 8 ± 6
40 63 t 20
20 120 ± 60

20. J.L. Schmit, J. Appi . Phys. j~, 2876 (1970).

21. E. I . Ste lzer and T . L. Schmlt , “ E x p loratory Development on
Hg 1_ ~ Cd~ Te Improvement , Phase 11, ” In t erim Report unde r
F3361 5-74-C—5 04 1 , Janua ry 1975 .
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Below about 1001< the scatter is ve ry had due to ionized i m p u r i t y  scatte”ing
which depe nds on the dopant levels in both the n and the p- type  samples.
Above 1001< where  lattice scat ter ing l imi ts the mobility, the  precis ion is
approx ima tely ± 10 percent . Recall that the basic premise of th is  dete rmina-
ti on of h is that the mobil ity does not depend on whe the r  the carr ier  is a
majori ty  or a minorit y car r ie r ;  that is , the majority carr ier  mobility ,~~ in

n- type material equals the minorit y carr ier  mobilit y ~~~~~ in p-t ype mat erial ,
and s imilarly u.~ is the  same in n-type and p-type materials. This cont ract
provides data in Section 6. 4 indicating that th i s  a good assumption .
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5 .2  DETERMINATION OF ALLOY COMPOSITION

The major  task of t h i s  cont ract has been to determine l i f e t ime  and minori t y
carrie r d i f fus ion  length as func t ions  of hole concent ration . I t is necessa ry

to hold other paramete -s , such a~ alloy composi tion , cons tant . Honeywell ’ s
long e f fo r t  on Hg 1~~~Cd~ Te has resul ted in the development and ref inement
of ses.eral  rel iable t e chn iques  for  alloy composition determination described
be low.

5 . 2 . 1 Composi t ion D e t e r m i n a t io n  by Densit y Measurement

Th~ den sit y method is the p r i m ar y  means of de t e rmin ing  alloy composition
in Hg 

- 
Cd Te . The x value has been found  to vary linearly with density

by V~ oolev and Ray , Galaz k a , and by Blair and Newnham , so that
measuremen t s  of crysta l  densit y can be used to de termine  x .  The following
express ion  give s the density versu s x dependence for Hg 1_ ~~Cd~ Te . where  p
is the  dens i tY :  x ( l Ig 1~~~Cd Te) = 3.5280 - 0 .44924  ~~~(2 5)  The absolute  value
of ‘~, d e t e rm in e d  by den s i ty  measu remen t s, has an uncerta~nty of about 1
mole pe rcen t  due to u n c e r t a i n t i e s  in the original standa rd s used by the above
a u t h or s ;  howeve r , the  p rec i s ion  or reproducibi l i t y of these measurement s
is closer to 0 . 1  mole percent , which  cor responds  to 0 .005-u m in peak wave-

(~~6)length at 1 .5 urn , or about 0 .1 urn  at 10 urn . The dens i ty  measurement
is d’ ne by a s tandar ’~ los t -wei ght  method w h i c h  main ta ins  the necessary

22 . J .  C. W oolley and B. i~av , J .  l ’hys.  C h e m .  Solids 13 , 151 ( 19 60 ) .
23. R .  H . Ga lazka , -I cta Phys .  Polon . ~~~~~ , 791 ( 1 9 63 ) .
24.  .1 . B la i r  and R. Newnham , Conference on the Meta l lu rgy  at Elemental

and Compound Semiconductors ,  Boston , 1960 , In te rsc ience , New Vork
p. 393 ( 1 9 6 1 ) .

25. D . Long and 1. L. Schmit , Sen i i ’o n d u c t o r s  and Semim etal s ,  Vol . ~,
C iap.  5, Academic Press, New York , p. 243 , ( 1970) .

26.  J .  L.  ~~ hmit  and E. L .  Steizer , J .  App I .  Pt~ys .  40 , 4~~ i5 ( 1369) .
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prec i s ion  by use of a mi rohalance and a h igh-dens i ty, low-volatility f lu id .  (27 )

The normal density determinat ion p rocedure  is to cut  eve ry four t h centi-
meter  region f rom an ingot into p lanks , measure  the density of e~~r ’ and
interpolalate the dens i ty  of material between the measu red  planks .  Under
th i s  cont ract , the  d e n s i t y  of all 44 planks  used was m e a s u r e d.

5. 2 . 2  Composition Dete rminat ion  by _Fluorescence

Analys is  of alloy compo sitions can he made by u s i n g  ~n electron beam micro-
probe in which  au e1~~’tron beam is imp inged on a samp le causin g x - rav s
charac ter i s t ic  of the  i n d i v i d u a l  a toms to be emi t ted .  The x -r ays  at each
energy are count ed , giving a re l a t ive  measure  of the  f rac t ion  of each ele-
ment  present . Howe ~er , all  e lement s are  not equall y e f f i c i e n t  at being
exci ted by the  in c iden t  e lectrons and some of the  x-rays  are reabsorbed
before  they can be collected and counted .  This  t echn ique  is best used as
a secondary standa rd to compare an unknown with known standards . We
have s tud ied  t h e  app licat ion of t h i s  t e c h n i q u e  to Hg 1 _~~

Cd
~ Te and have stan-

dard s avai lable .  The E DAX (Ene rgy  Dispers ive  Anal y s i s  of x -r ay s)  attach-
ment  of our SEM (Scanning Electron Microscope)  p rov ides  u.s wi th  the capa-
h i l i t v  of making  measuremen ts on small samples.  The accuracy  of the
EDAX is onl y — .0 . 01 mole f r ac t ion , hut  it can m e a s u r e  samples ~s small
as a few m i c r om -t e r s .  The  de te rmina t ion  of tie l ines u n d e r  t h i s  cont rict
has r e q u i r e d  the  de terminat ion  of composit ion on microscop ic d e n d r i t e s
grown out of a Te solution . The electron beam microprobe has proven
ideal for  t h i s  work .

~i . 2 . 3 Composition Determination by Spectral Cutofi

The icleaJ . way to determine the composition of infrared detectors is by
measur ’ing the cutoff energy of individual detectors since that is the

27 . ‘ FREON ” E5 , Fluor inated  Ether , E. I .  Dupont Co. ,  Wil m ing t on DE
13808.
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parameter one seeks to control when measur ing  composition. A technique
less destruct ive of the test plank is measurement  of the spectral response

of an MIS array fabricated on the surface of the plank . This technique gives
good resolution and was used on one plauk to verif y th e honiogenity of our
starting crystal. The technique is described in greater detail in Section 5. 3. 3.

A
5. 3 ~\ 1IS DETERMINATION OF R b L K  PR OPERT I I - S

I\IIS Capaci tance-Vol tage  ( C -V )  techniques have previously been developed
and extensively used for the bulk characterization of I IgCdTe 06

~. Dur ing
this program, we have used some of the te chnique s to nondest ruct:ve l y
determine majority carrier  type , b ulk doping concentration, and alloy corn-
p ( ) s lt i on  (x -value). Because each wafer  accommodates many small MIS

de vices, we are able to measure  these properties in more detail than by

Flail or density measurements, which average ove r the wafer.

5. 3. 1 Majori ty ( ‘ a r r ie r  Type

The majori ty carrie i type of the semiconductor  is easily determined from
the shape (~f the h igh - f r equency  C - V  curve. A negative (or decreas ing)
slope in the capacitance-voltage curve in going from negative to positive
voltage indicates p -t \ p e  material, while a positive slope indicates n - ty p e

material .  Most of the sample s tested were  p- type , al though occasionally
n-type regions were found around the sample edges.

~. 3. 2 Bulk Carr ier  Concentration

The hig h f requency  C-V curve  also de te rmine s the bulk carr ier  concentra-

tion def in ed by N 1~ \
\ 

- N D. I’he necessary measured  parameters  are

the insula tor  capacitance 
~~i 

(measured  when the su r face  is accumula ted) ,

39

- 
~~~~~~~~~~~~

- - -
~~

-- —  — —



and the min imum capacitance Cf (measured when the surface is strongly
inverted) .  These quant i t ies  are indicated in Figure 8. The capacitance
ratio is given by:

Cf I
~~ . w where (35)

1 1 I~fl
d

S

= max i m u m  depletion depth
d = insulator thickness

€ . insulator dielectric constant
= semiconductor diele ctric constant

r ~ c
1_ /

~~~~~~~~~~~

(b) HIGH FREQUENCY

0

V ( v o l t s )

Figure 8. Ideal MIS Capacitance-Voltage Curves for a
p-T ype Semiconductor
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The maximum depletior1 depth is determined by the bulk carrier concen-
tration:

/ 4  € kT ln (N In.)
w / s B 1 where (36)m q N B

k = Boltmann’ s constant
T temperature

q = electron charge
n. = intrinsic carrier concentration.

Hence , N B can be determined from the following equation:

4kT ln (N 13/ n . )
2 2 2 (37 )

A 
(1

By simply measuring the ins ulator capacitance, C1, and the high frequency
inversion layer capacitance, C f. via C - V  curves, the net dop ing concentra-
tion can be determined.

It is necessary as well to know the dielectric constant (c e ) and the intrinsic
carrier concentration (n 1). For ( Hg, Cd)Te , the dielectric constant is de-
termined by extrapolat ing bet ween the known value for H g0 8Cd 0 2Te and
that of CdTe. The intrinsic carrier concentration is dete rmined from an
expression derived by Schmit :~

20
~

(8 . 445 - 2 . 2 3 7 5 x +0. 00342 T) 10 14 E g
3/4 T 3/ 2 exp (~ E g / 2 k T )  (38)

where x is the mole f ‘action of CdTe in (Hg, Cd)Te .  The value of x is de-
termined from the measured energy gap E g (from a spectral response
measure ment),  and an empirical relationship between Eg and x.
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The estimates of net dop ing concentration N B from MIS C-V data repeat-
ably show very good agreement with Hall data. In addition, the MIS tech-
nique allows a nondestruct ive mapping of the impurity concent r ation across
the surface of a wafe r of material, using photolithographic techniques to
fabricate many small MIS s t ruc tures .

The high-frequency C - V  measurements are made using a Princeton Applied
Research Model 410 Automatic C - V  Test Station, operating at 1 MHz .  No

variations from the standard operating procedure are used. Devices are
mounted in a specially designed glass dewar , shielded from stray radiation,
and tested at the boiling temperature of Freon 14 (145K) .  Typ ically, about
20 MIS devices are bonded and tested for each UgCdTe wafer.

5. 3. 3 Bulk Composition

BecauEe the gold gat e on MIS s t ruc tures  is semi-transparent to infrared
wavelengths, the MIS devices show photoresponse. This response versus
wavelength can be used to find the material cutoff  wavelength, and hence
energy gap. Using a relationship between energy gap and x -value  (in
I-lg 1 , ~Cd~ Te) f rom Schmit , (2 6)  the composition then can be determined.
The necessary equations are:

E = = (3~~)g A A

E g = 1. 59 x - 0. 25 + 5. 233 ( l0 4 ) T ( l -2 . 08x ) + 0. 327 x 3 (40)

where

F: g = energy gap (eV)
= cutoff wavelength (pm)

x = fraction of CdTe in Hg 1.~ Cd~ Te

1 = teniperature (°K)
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The spectral response measurement uses the fact that the capacitance is
a function of the optical generation rate in and near the dep letion region
of an MIS device. The depletion width becomes smaller as the number  of
generated carriers in~ reases; thus  the capacitance will increase. In thi s
ineasuremen~, a standard Perkin-Elmer  spectral station is used as the
source of radiation of different  wavelengths. The radiation is chopped at
a rate of 13 Hz. The capacitance modulation of the MIS device is monitored ,
and a plot of the relative ampli tude of the capacitance variation versus
wavelength is constructed.  ‘T he measurement  setup is shown in Figure 9.

A plot of relative response versus  wavelength for one of the devices is
shown in Figure 10. The cutoff region is quite clear, with a cutoff wave-
length of 3. 19 pm. The x -va lue  determined from this cutoff is x = 0. 386 ,
in good agreement with x = 0. 384 determined from density measurements
on this wafer. Although some x-variat ion exists across the wafers, the
average x determined from several MIS samples agrees with the density
value very well, usually within 0. 01.

5. 4 HE VI • ;R SE  RECOVE RY TECHNIQUE

5. 4. 1 Qualitative l)escription of Technique

A conceptual model of the measurement  circuit is shown in Figure 11.
1’ or the case of an n~ -on-p diode , a forward current, ‘F composed
primarily of electrons, is injected into the p-side. The transient response
determine s the minority carrier lifetime of the electrons on the p-side .

By app lying a sudden i~everse bias, a transient  curve consisting of two
phases can be observed. The first phase is one of constant reverse cur-
rent , ‘R ’  and lasts for a storage time, t 5. During this time, the junct i on
voltage remains positive ; the current  is supported by the previo u sly
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F’igure 10. Typical Spectral Response Curve i sing MIS

injected minority carriers. The reverse current  is limited to a constant
value of ‘H by the app lied reverse bias V R and serie s resistance of the cir-
cui t .  Af te r  a t ime t ,  the electron density at the junct ion  is near zero.
The subsequent  exponential decay phase of current , determine d by diffusion
and recombination on the p-side , establishes the normal reverse current ,

‘sat’ as shown in the lower portion of Figure 11.

The minority carrier lifetime can be calculated by eithe r of these reverse

current phases. However, the constant current  phase lends itself to an
ea sier calculation, is less su scep tible to trapping effects than the decay
phase , and the time period is easie r to accurately determi ne.
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5. 4. 2 Experimental  Apparatus

Ex perimentally, the reverse recovery measurement  system is quite simple.
The forward and reverse voltages are supplied by a Tektronix 508 pulse

generator with forward-to-reverse transition time of less than 10 ns. The
positive and negative voltage levels can be individually controlled to vary the
ratio of ‘l”R• A 10 k ohm variable resistor is used in serie s wi th  the
diode to allow small current  levels to be used. Actual waveform measure-

ment s are taken across a 50-ohm resistor. The resistors are hoLsed in a
shielded box , with short coaxial cable s extending to the test dewar. All
leads are kept short to avoid ringing in the circuit, and the shielded box is

plugged d i rec t ly into the oscilloscope . The scope is a Tektronix 7603 with a

10 0- l \ IHz  bandwidth.  Storage times down to about 20 nsec have been meas-

ured reliably with this system. A diagram of the circui t  ~s shown in Figure
12 .

In operation, the ratio ‘F”H is varied by holding I~, f ixed and changing I~~.
TI - i s  is because the number  of injected carriers, determined by ‘F’ can
affect  the lifetime. See Section 6. 2 . 3.

5. 4 . 3 Interpretation of Data

There are many methods described in the l i terature for extracting minority

carrier lifetime from the measured reverse recovery parameters (t 5, ‘F’ ‘&~defined in Figure 11. Several of them treat special cases, such as an
abrupt  junction with infinite base width , and come up with easily evaluated

expressions for lifetir~ e. Others provide a more general treatment, but
the mathe matics becomes prohibitively complicated. A partial list of
references, with the device model assumed for each , is given in A ppendix A.
The methods most app licable for our purposes are as follows:
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(2 8)  (2 9 )(1) I’rom Kingston, Lax and Neustadter, and others. For

the case of an abrupt  junction, with a very thick base region
(W > > L e )

~ 
both papers derive the following expression:

r~erf
N
/.

~
_
~ 

= 
1 (4 1)T

e 1 +  B
I1,

This method require s only a single reverse recovery curve to determine
the lifetime.

28. H. H. Kingston , Proc. IRE j~, 829 ( l9~ 4).
29. B. Lax and S. F. Neustadter , J. Appl. Phys. .a~. 

1148 (19b4).
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(2 )  Kuno~
30

~ does not assume an abrupt junc t ion, nor doe s he assume
a specific base width (thickness of the lightly doped side of the
junc tion) . His expression is:

‘F 
T

t 1 ln ( 1+- 1----) + T  ln (1 +~~~
1) (42)s e 

H 
e e

llei’e , T B is a parameter  defined by the relation Q ( t )  = 

~H rH ,  whe t~e

Q ( t )  is the charge remaining in the base region at the end of the constant -

cur ren t  pha~-;e . T
B 

has no physical significance as a lit ’e~ime , and is assumed
by Kuno  to be a constant. Kuno ’ s method is to plot t 5 ve rsus  in ( 1 + -i-

~j ); the
slope is the n . This require s a series of reverse rec overy  m e a s u r e m e n t s
to be made, ove r ~ range of ra t ios .I n

(3 )  A to l l , Krakaue r , Shen~
3
~~ for narrow-base graded junct ions)  and

Mull , IIamilton~~
2
~ (for p - i -n  junct ions) ,  both de r ive  the approx i-

mation:

I .
t = T ln ( 1 +~1~L) (43 )

H

The assumption used is that the field associated with the graded junction

sweeps out all the injected carriers by the end of the storage period. Th is
is equ ivalent to Q ( T )  = 0 in K uno’s form ulation; in that case, Equation 42

reduces to Equation 40. i-i s with method (1),  this method requi res j ust one

reve rse recove ry measurement  to determioe the lifetime.

30. 11. 4 . I~ uno , I L I E Trans. on Electron Dcv. , ED 11, 8 ( 19 64) .
31, .J . L. Mull , ~~ . Krakauc x’ and H. Shen, Proc. IRE 5Q, 43 ( U J G 2 ) .

32 . J. L. Moll and S. A. h amilton, Proc. IEhE 57 , 1250 ( 1969).
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1 ~L ( ’ h  of the above methods involves some quest ionable  assumptions.  I\.le thod
(H , t on  instance, is for the case of an ideal abrupt  junction.  However , C - V

daLi fro m these  junct ions  usually show deviation from a linear 1 /C 2 v e r s u s

V plot , indicating that the junction is not abtupt.  Method ( 1) also assumes  a

lightly doped region of thickness W, so that W >> Le~ 
the minority carrier

d i f fu s ion  length. V~hile this assumption is reasonable for diodes fabricated

on planks , it does net hold for BITS arrays.

Method ( 2 t  depenis  on the assumption that 
~~~~

, a def ined quant i ty  is a con-

slant independent of ~~~~~~ Any variation of “ H with 1[~
/ I R will change ~he

slope of a “K uno plot , “ and hence the calculated l ifet ime. K uno give s no

physical ex planation for the linear relationship between Q (t a ) and ‘H’ but

rathe r points to experimental  f i ts  of t~ versus  ln ( 1 + I i~ / h j~), which do fol-
low E qu i t i on  42 . Our  data , also, have given consistently good l inear  fi ts

well withi n experimental errors (see Figure 13). One disadvantage of this
method i~ the number of reverse rec’overv curve s which mus t  be recorded

to get a reliable “Kuno plot ” . Er ror  bars in the resulting lifetime can also

be lar ge, becaise slope s are involved , rathe r than measured values.

Method (3) has i major problem:  it s imply does not fit the measured data.

A p lot of t~ versus ln ( 1 + ‘F”R~ 
does not pass through the origin, and the

difference is s ign i f icant l y greate r than experimental  error.  The assump-
tion that all the injected charge is swept from the base by t ime t~ is appar-

entl y not valid for our junctions.  Using Kuno ’s formulat ion, the experi-

mental values we get from ‘ Kuno  plots ” correspond to = 0. 5 to 2. 0, and
not to T

1~ = 0, as method (3) assumes.

For com par ison pur poses, the th ree expressions were used to evaluate
reverse recovery data from a 4-pm diode , (See Table 4 . )  Note that methods
( 1) and (~ ) calcula te l ifetimes for each data point , while a single lifetime is
determined by method (2) .  The Kuno plot for method (2)  is shown in Figure

50



Table 4 . Lifet ime Evaluated by Three Methods, from Reverse Recovery
Data on 4 -pm diode 20475 S43 D3 No, 2, at 126K. I~ , and I llin Uni ts  of mV across 50 ohms

LIFETIME, T e (nsec)

l~ . (my )  l~ (mV)  t~ (nsec) Kingston (1) K uno (2)  Moll (3

150 55 120 196 91
150 40 155 107 ~)9
150 31 190 202 162 108
150 23 235 207 116
150 15. 5 295 210 130
150 8 385 202 12 ~

13 ;  the li t  to theory  is ~~~~~~ The range in l i fe t imes calculated by Equation
41 is ~vell w i t h i n  exper imenta l  er ro r , while the increase in l i fe t ime with

seen for  Equat ion  43 is rathe r lae~ e .

Of i lm e t h ree  m e thods , Kurm o ’ s is felt to be most indicat ive of the t rue
m i n u m i t v  ca r r ie r  l i f e t ime . This is pam’ t l v  because inclusion of the pararn-

~H corm’e spon ds  to large fields across the base region , quickl y sweep-
ing out the i n j e c t e d  car iers , as in n c i > J e l  (3) ;  large r values of T

1~ 
can model

an abrup t  j unc t io n  in which a s ign i f i can t  port ion of the injected charge re-
main~ at = 

~~~ , . Our  n~ on p junc t ions  are nei ther  ideal abrupt  nor narrow~
base graded , but  s unx e w h e r e  in te rmedia te .  Kuno ’ s method calculates a
l i fe t i m e  b et w e e n  these t~v o special cases , where we ex pect ~he t rue  l i fe t ime
to lie. ‘ F i me good f~t of dat a to t h eo ry ,  over  a range of l [,. / I [~ also makes  us
mor e  c o n h i ( I e r r t  of t h e  accuracy of N w ’ s me t ime  I .

However , the advantage s of Nuno ’ s method ar e o f f s e t  by the large amount
of data which  m u s t  be take n to c o n s tr u c t  a KUflo p I.ot. Kingston ’ s method
requ i re s  one r everse  rec ’ o v e m \  curve ; Kuno ’ s requires  about  five tu d € t ~~r-
mine the t i ! e t i m i t - . Kunu ’ s meth od rapidl y becomes impractical  whe n te s t ing
each element of a large a r r a y  t o t -  u n i f orm it~~, while vary ing also the tern-
peratLire and i r i l e c t i n u  Ic ’. tH .
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Kingston’ s method is, therefore , significantly more desirable on the basis

of th roughpu t , while not greatly infer ior  to Nuno ’ s in t e rms  of accuracy.
For examp le, K uno and Kingston lifetime s are compared over a wide range

of tempera tures in Section 6. 2 . The tempera ture  dep ende~-ice of l ifetime

is essentiau y the same , and the difference in magnitude is less than a fac-
tor of two. These relationships hold in general for all the l i fet imes tested

du~’ing the program:  Kingston l ife t ime  is larger than Kuno , by up to a lac er
of tw o , and the t empera tu re  dependence is about the same. Because a great

n u m b e r  of l i f e t ime  measurements  had to be made dur ing  the program ,
King& ;ton ’ s method was , therefore , used for the bulk of them .  in interpret-

ing t h e  l ifetime data , it mus t  only be kept in mind that  the K ings ton  l i fet ime

is larger  than the t rue  minor i ty  carr ie r l ifet ime , by  up to a factor (~f I wo.
N uno lifetime should be used when  quoting absolute  n u m b e r s  fo r  t i r e l i fe t ime.

5.4 . 4 inj~ cted Carr ier  h ) en s i ty

An inheren t  f ea tu re  of the reverse recovery techni que is in jec t ion  of a

f in i t e  n u m b e r  of exc:e53 ca r r i e r s  into the material being measu~ ’ 1 .

cause the diode at zero bias operates under very low iri j e e ti r n 1e~ ’ Is .  a n t

the simple l i fet ime expressions assume negligible excess c ar r i e r s , t b
in jec ted  nal rjer dens i ty  presents  a complication in i n t e r p r et i t i ~ th t  ~l~~t a .

On t i r e  othe r hand , the variation of l ifetime with  injection le ve l pro ’. i t e s

a idit ional  i nf o rm a t i o n  about the recombinat ion mechanism.  Ice ili , , ~he

inject ion level would be variable over the full range f rom neg li g ible exce ~s

ca r r i er s ,  satisf y ing the low in jec t ion  assumpt ions, to ve ry high e x c e s s

car r ie r  densi t ies .  In practice , good l ifet ime data are obta inable  over a

res t r i c ted , but usefu l , l an ge of in j ec ted  carrier densit ies.

The two us e fu l  measu re s  of injec t ion level are the injected current  dens i t y ,
eas i ly  and accur aLel y b t a in ed  from the diode forward  current  and j u n c t i o n

area (J 1. = 11,/A),  ~t n t  the  actual  number  densi ty  of excess iejecte d carr iers .

Ti re  excess  ca r r i e r  densi ty is given approximately by :

~) 3



2 L  (44 )

Inaccuracie s arise because An varie s with distance f rom the junct ion , making
some sor t of averaging necessary . Te and Le also depend on the injection
level, so that the  calculated An should be considered only approximately
correct.

5. 5  R~ A VERSUS T E M P EH A T I HE M E A S U R E M E N T

Variable tempe rature dewars  for the measurements we re built by Andonian
Cryogenics to I-honeywell specifications. Cooling is provided by a reservoir
of liquid nitrogen; the flow rate of liquid can be throttled to control the cool-
ing rate of the specimen pedestal. This allows very rapid cooldown , b i t
still long hold t imes .  Resist ive heaters are used in conj unction with a
Honeywel l -bui l t  t empera tu re  controller to set and mainta in  the desired
tempera ture .  Temperature  measurement  is done by Lakeshore Cyrot ronics
AD- 500 calibrated diode tempe rature sensors. The dewar can he used ove r
the full temperature range from 80K to above room temperature.  Sixty-one
pin electrical connectors provide access to the test devices , arid allow test-
in g of large arrays (such as BITS). Internal wiring is done with grounded
mini-coax cable 10 minimize stray capacitance (the dewar  is also used for
MIS).

Ze ro b u s  resistance s are generally measured from diode I -V curve s, using
Tektro nix 576 or 577 curve tracers. For measurement of very high H
values , the cu rve tracers are not sensitive enough , and an alte rnate method
is used. A small amp lit ude ac voltage is applied across the device , and the
resulting cur rent measured with a PAR 181 trans-impedance preamp and
PAR 124A lock-in amplifier. By su perimposing the ac signal on a slowly
varyin g voltage ramp, and con necting the voltage and current signals to an
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x-y  recorder, the I-V charac teristics can be traced out , and H0
de termined.

5. 6 E BIC TECHNIQUE

‘Fhe I’Jectron. Beam Induced Curren t  (EBIC ) mode of operating the Scanning
Electron Microscope (SEM) can be used to determine the minority carrier
difLision length in a very localized region near a p-n j unction. It can, there-
fore , be used to measure diffusion length on standard diodes , without resort-
ing to special device s t ricture s such as BITS (Section 5. 7). The excellent
resolution of the SEM also allows detailed study of the spatial variation of
diffu sion le ngth.

We have used the ERIC line scan technique, (33) which uses the electron
beam of the SEM to generate carriers outside a p-n junct ion, and a sensitive
current  amplifier to measure the current as these carriers diffuse to the

junction.  As the beam is moved away from the j unction ed ge, the current

decreases in a manne r characteristic of the minority carrie r diffusion length,
allowing Le to be measured,

The relationship between the collected current I and the lateral distance
from the junct ion edge z on the p-side of the junction is given by:

= 

~~ 
e~~~~~e (45)

where 10 is a constant and Le is the minority carrier (electron) diffusion
length on the p-side.  This relationship is valid for negligible surface

33. see , foi ’ example, W. H. h ackett, Jr. , H. H. Saul, H. W. Dixon,
and ( .  W. Karnmlott, J. App l.. Phys. ~~~ 2857 (1972) .
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L
recombination (i. e .,  for sur face  recombination velocity s < <— ~-~~) and for

a point -source  generat ion of minor i ty  carr iers .  Common values of L / ~
for’  p - type  (11g. Cd)Te are of the order  of 20 p m/2 0 0  nsec = 1O 4 cm/ see,
Surface recombinat ion velocities, on the othe r hand , have bee n measured
on MIS devices in the range of 10-1000 em/see .  Surlace effects  are, there-
fore , expected to he small. The finite extent of the carrier  generation
region is more impor tan t , especially very near the j Lnc t ion  edge . A vai’i-
at ion f rom the above express ion  is seen for z < 5 pm f rom the junct ion;  how-
eve r, plotting log I versus z f u r the r  from the junct ion re sults in excellent
linear f i ts  for de te rmin ing  Le~

The experimental  apparatus consists  of an ISI Super  II SEM , with  a
Electronics Model 103 specimen cur ren t  amp lifier. The electron beam is
set to sc~t n  across the junction edge , and the data recorded on an x -y  re-
corder. The x— d i r e c t i o n  corre spond s to beam disp lacement, while y records
the specimen current .  Traces taken both l e f t - to - r igh t  and r ight-to-left

across the j u n c t i o n  edge show negligible hy s te res i s  o-i the recorder.

The zero of current is calibrated by moving the beam far away f rom the
junc t ion  of interest .  Absolute calibration of the current  magni tude is not
necessary,  as only relative magnitude is needed for de termining Le • The

distance scale is calibrated from known dimensions on the array being tested.

Our SEM has a variable t empera tu re  cold stage built by Air Products.  Cool-
ing is provided by a .Joule-Thompson appara tus, as low as 80K. Resistive

heating raises the temperature to 300K or above . Temperature is monitored
by a Copper-constantan thermocouple , accurate to about 3K. For making
variable-tempe rature “e measu rement s, the device was cooled to 80K, and
the n allowed to slowly warm to room temperature, over a period of several
hours.
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5. 7 TIlE HACKSIDE - ILLUMINAT ED TAPERED ST RUCT U RE ( BITS)

The Backside-Illuminate d Tape red Structure  (BITS) was developed at
Hone y well specifically to measure the minority-carrier diffusion le ngth
Le in p-type (Hg, Cd)Te. It is shown schematically in Figure 14.

The princi ple of operation is quite simple : infrared radiation from some
source passes through an lB-transmit t ing substrate and epoxy layer, and
is absorbed ve ry near the back surface of the Hg 1 Cd Te sample. As the
absorption coefficient is about 5 x 1O 3 cm~~ in Hg i~~~

Cd Te , absorption
will take place within about 5 pm of the surface.  The carriers so generated
di f fuse  throug h the bulk to the front surface, whe re they are collected and
read out as a signal curre nt . In the BITS structure s fabricated to date ,
ion-in- planted n + -on-p  diodes per form the charge collection; othe r methods,
such as MJS devices, could also be used. When the thickness of the
(H g, Cd)Te sample is less than a di f fus ion  length, nearly all generated
charge s will d i f fuse  and be collected as signal. The signal current
should be relatively constant in this region. Where the sample thickness
is greate r than a diffusion le ngth , howeve r, a significant proportion of the
carriers  will recombine before reaching the diode junctions.  As the thick-
ness increases, therefore, ths signal is expected to drop. hy looking at
the signal current  versus thickness of the sample, one can direct ly deter-
mine the diffusion length.

The B1TS method of de te rmining  diffusion length has an inherent advantage
ove r the ERIC method (described in Section 5. 6) in that the e f fec ts  of
surface recombination are eliminated, Whereas f ron t - su r f ace  scans look
at lateral diffusion of carriers, and may be inf luenced by surface  effects,
the HITS method collects carr iers  before the y reach the surface . The dis-
ad vantage of the HITS method is that it requires  fair ly i i f f i c~ilt device
fabrication steps.
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One can show q uite sim ply that the signal current for a f l - p  junct ion in the
BITS configuration is given by

~~
Q8j g A

~
ff 

46sig - 

cosh ( d / L )

where Q .  is the signal photon flux at the back surface, A ff is the effe c-
t ive  collection area of a given junct ion, and d is the thickness of the
p-region between the n - p  junction and the back surface.

TI-~e exper imenta l  data necessary to determine Le are the signal current  at
each diode versus  the base thickness unde r the diode. Base thickness  is
profiled dur ing  fabr ica t ion  of the s t ruc tu re , using the micrometer stage on
a [ nitron or Heichert  microscope. For looking at the wafe r edge , the
microscope is first  focused on the top surface, then on the e pox y under
the (Jig, ( d)Te ; the difference in micrometer readings gives the thickness.
These readings are repeated at each element of the array to get tie thick-
ness profile.

A uniform source of signal radiation is needed in order to properly deter-
mine dif fus ion length. The source is a 1000K JR Indus t ries  blackbod y.
chopped at a frequency of 1 kflz. The dewar containing tine HITS array is
mounted far enough away from the blackbod y to ensure a uniform level of
radiation across the array (about 15 cm) . The signal cur rent is f i r s t  c on-
ver ted  to a voltage using a PAR 18! transimpedance preamp, the n measured
with a wave analyzer. The reference f requency  is supplied by t i r e  chopper.
Signal levels we re generally strong enough so that signal integration was
not necessary.

On ‘e the si gnal curre nt for all elements was recorded , the thickness pro-
file was used to plot log versus  thickness. From this plot , 1” e was
de termined by fit t ing Equation 46.
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SEC TION 6

R ESULT S

In this section , we present our data on (N A~ N D). on minority carrie r life-
time as measured by the diode reverse recovery technique , and on minority
carrier diffusion length measured by BITS and E RIC . The lifetime data is
given versus posi tion on a wafer to demonstrate uniformity, versus  tempe r-
ature and carrier injection leve l to provide a basis for identif ying the recom-
hination mecha nisms and versus hole and acceptor concentrations to identif y
possible device improvements.

The d i f fu s i on  length results are given to compare BITS and E RIC technique s
and are presented as functions of temperat ure , ca rrier concentration and
position as was the lifetime data. The minority carrie r mobility is dete r-
mined f rom t he T and Le measurements.  R 0A is given as a function of tem-
perature to determi ne the limiting leakage mechanism and versus carrier
concentration to provide a basis for selecting parameters for improved
devices.

6. 1 CA dFUER CONCENTRATION

The primary technique used to determine carrier concentration under this
contract has been Hall measure ment s a~ detailed in Section 5. 1. Several
sam ple s have also been measured using the MIS technique as detailed in
Section 5. 3. Both of these technique s give the hole concentration p =

(N
A
_N
D

). In Se ction 3, we indicated that the residual donor concentration
in crystal 52374 is ~ 4x 10 15cm 3 de termined by Hall measurements on four
sample s after annealing to remove stoichiometric acceptors. We assume
that this donor concentration exists in all our p-type samples and add it to
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the measured value of (N A
_ N

D
) to get the acceptor concentration, N A.

Table 5 lists the 11 planks of 1-1g 1 ~Cd~ Te which w ’re made into devices
and measured. The first column of the table lists samp le numbers which
w ill be found on subsequent  f i rugres .  The second column lists the crystal
and plank numbers. The third column gives the compo sit ion mea su red by
density. The fourth column gives the technique by wh ich the crystal was
growil ;  Q / \  means quench-anneal  while ZL means zone - le~ eled. The f i f th
column lists the annealing conditions for those sample s w~iich were annealed.
The sixth column lists the hole concentration determined hy Hall measure-
meni s ;  ii a second number is listed it is from MIS measurements.  The
last column is the acceptor concentration derived by adding the donor con-

Fcen tra tion 4x lO cm , to the (N \~~
N D

) value in column six. We use the

MIS value rather than the Hall value because MIS devices are made on the

surface  near to where diodes are later made. We could just  as well have
averaged the results because the differences are probably due to scatte r
in both the 1(all and MIS data rather than to concentration gradients. The
only serious discrepancy is sample 8 and for that one the Hall value was

interpolated from measurements on nearby samples.

6. 2 MIN ORITI  C AR R I E R  LIFETIME

Of the lifetime measurement methods investigated during this program,

diode reverse recovery prove d to be the easiest, most reliable, and most
wide ly  app licable. Consequently, the measurement s reported in this sub-
section were all obtained by reverse recovery.  Characteris t ics  c-f all

d iode arrays used in thi s stud y are listed in ‘l’able 6. It also compares the
composition measu red by de nsity with that determine d from ~~~on MIS
devices and diodes.
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Table 5. h ole and Acceptor Concentrations of the
Samples Used for Diodes

Corn o- Growth h ole Acceptor
Sample Material - 

. Tech- Anneal Concen- Concern-si tion .nique tration tration

(Number  (x)  Days , °C) (10 15
cm 3) (l 01

~ cm 3)

1 
- 

52374 , 04 0. 392 
- 

Q/A 26 , 304 1. 0, 0. 9 4. 9

2 52 374, P4 0. 390 Q/A 26 , 304 1. 4 5. 4

3 96V , K5 0. 395 ZL 30, 352 4. 3, 4. 3 8. 3

4 96V, K3 0. 388 ZL 30, 352 4. 3 8. 3

5 52374 , N9 0. 384 Q/A 62 , 375 8 .3 , 7 11

6 52374 , L4 0. 394 Q/ A  None 16 20

7 52374 ,02 0.395 Q/A None 17. 5 21.5

8 52374 , N6 0. 384 Q/A None 18, 10 14

9 52374 , L6 0. 380 Q/A None 19 23

10 52374 , J4 0. 393 Q/A Cu , 7, 45 0 22 . 6  26. 6

1 1 523 74, K5 0. 389 Q/ A Cu , 7, 450 28 32
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Table 6. Summary of Diode Array s

Sample Composition No. of Elements Area T
e at 295K

Number  Density MIS Diode 
________________ 

(mu ) 2 (10 8 sec)

1 0. 392 0. 395 22 varied 100

2 0. 390 15 9. SxlO . 5 105

3 0, 395 0 . 3 7 7  16 9. 5x10. 5 2P

4 0. 388 0. 369 3 9. SxlO. 5 -

5 0. 384 0. 389 22 varied 4

6 0. 394 0. 394 46 varied -

7 0. 395 0. 393 19 4x6(BITS) 5. 5

0. 384 0, 386 0. 375 ii) 9. 5x10. 5 13

9 0. 380 0. 399 0. 377 46 varied 7

10 0. 393 0. 388 13 9. 5xlO. 5 4 , 6

11 0. 389 0 .376 19 9. 5x10. 5 3
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6. 2 . 1 Lifetime versus I’empera tu re

Measurements  of minori ty carrie r l i fe t ime were carr ied out froni  77K to
300K usi ng the va~ iab1c tempe rature appa ra tus  described in Section 5. 5.
The data  are presented in Figure 15 , 16, and 17 for samp les with three
di f ferent  dop ing levels. For more heavily doped samp les , the l ifet imes at
low tempe ra ture s were too short to measure with our apparatus.

In each case , cc ~npax ’ison with the calculated radiative lifetime shows the
li let ime is not limited by this mechanism,  Measured l i fe t imes have signifi-
cant lv  lower magnitudes and also a d i f fe ren t  tempe rature  dependence . A
much  be t te r  l it  to the t cmpera~ L r r r  dependence is give n by the simp le
Shockley- ~~~~ model,  also shown in r igures  15 , l i i , and 17. This modeling
is exp laine and elabor: led in Section 7 . 1. The calculated Auge r l i fe t ime ,
of co u r se , is t ( ( ’ 1ar~ e in magni tude  to fi t  on the grap ~s of T

C 
versus  10 3 /T.

6. 2 . 2 Lifetime versus Carrier (oncentration

A major  goal of the program was to determine the dependence of l ifetime
oa p~ type carrier concen t r a t ion  in order to optimize the f l+ - on -p  photodiode
str tu 1 lire . Li fet ime has b ee n evaluated both as a function of the hole concen-
t ra t ion  (N ~~-N 1~ ). and of t h e  acceptor  concentration (N \ ) . The dis t inct ion is
important, as explained below.

M aterial samples with several different  dopin g levels were prepared as
described in Section 3. The effective carrie r densitie s (N A

_ N
D ) were deter-

mined by Hall measurements, and in some cases by MIS. Ion-imp lanted n+
on p junction a r rays  were the n formed and evaluted. Table 6 provides per-
tine nt information on the devices. Each error bar in the accompany ing
f igures  represents  the range of lifetime measured on a m ulti-element array,
arl(I is not intended to depict ex perimental error. The data were evaluated ,
us ing Kingston ’ s method , with a for ward current I~. = 10 mA, and & fo rward

to reverse current ratio of about 5:1.
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6. 2 . 2 . 1 Lifetime versus Hole Concentration -- Figules 18, 19, 20 present
lifetime versus hole concentration data at tempe ratures of 295K , 193K, and
77 K. For all temperature s, life time shows a decrease with increasing
N \

_ N
D. At room temperature, lifetime depend s on hole concentration as

(N A -NDY~~
. No major va riation from this behavior is seen for Q/A material

doped by stoichiometry, QIA material doped by coppe r, or zone-levelled
mate rial doped by stoichiometry, except the point at N A

_ N
D 

= 7x10’5cm 3

(sample 5) . The reason for the short lifetime on this device is not clear.
Lifetime thus appea rs to depend on the nu mber of hole s at 295K , and net on
their source.

At 193K, the fit to (N
A
_N
D)
’ is not as good , but is still reasonable withi i

ex perimental ac ~uracy. Because lifetime decreases with decreasing tempe r-
ature and increasing doping, the most heavily doped sample s have lifetimes
too short to measure (indicated by arrows on the figure).

At 77K , due to the furthe r decrease of lifetime with temperature , the (iepen-
dence on N A

_N
D is less certain. A general decrease with doping is still

seen, bu t the dependence is less steep than (N A
_ N

D )
~~ .

The expe i ’ime ntal dependences may be com pared with those predicted by
theory. For Shockley-Read recombination, the low injection lifetime is
given by

T = no ~ + exp (EI~
_E

t)/kT J

where T no 
= 

~~e~
’th Nt ) 1’ and Nt is the concentration of traps at energy Et.

The low-temperature (77 K) lifetime should go inversely as the density of
recombination centers,

= T no a Nt
1 (48)
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Figure 20. Dependence of Minorit y Ca rrie r Lifetime at 77K
on Hole Concentration

Any depe ndence of I Ofl NA
_ N

D must  come through a dependence of Nt on
N \

_ N
D. Because T is not indepe nd ent of NA

_ N
D at 77K , the density of S-R

recombination cen ters m ust be related to N
A
_N
D
.

At high temperatures (295K), the Fermi level is above the recombination
level, and the low injection lifetime is given by

T T
fl0 

exp [ (E F
_ E t ) / k TJ (49)
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Now for p-type materials, we have

.f exp [ - (E F
_ E

v )/ kT ] (50)

so tha t the lifet ime may be ex pressed as

N
T = T no j~ 

exp [(E
~

_ E t )/ kT ] (51)

The high temperature dependence on doping is then

T a ( p N
~

) ’ (52)

At 77K , it was found that N a(N  -N - ) b, where 0<b < l .  It is then ex pe c ted
that at 295K we would have T a ( N A

_ N
D

) , whereas the experiment al da ta
show T a (N A

_ N
D). This discrepancy arises because lifetimes cannot always

be measu red under low injection conditions. At high temperature s, the
measured lifetimes underestimate the low-level injection lifetime. This
effect is more pronounced for more lightly doped samples, so that the true
low injection lifetime would have a steeper dependence on NA

_ N
D than

measured. The high temperature result s are then consistent with the low
temperature results.

At 19 3K, the dependence of ~ on NA
_ N

D will be inter mediate be t ween the
low and high temperature dependences. It is expected to be closer to the
low-temperature case, because at 193K T i S  still close to Tno

In contrast, the low-injection radiative recombination model has i a (n0+ p )  ~
which for extrinsic p-type material becomes T a(N

A
_N
DY~

’ at all temper-
atures. The observe d change with temperature of the slope of T versus
NA

_N
D lend s further support to our conclusion that the lifetime is not radi-

at ively limited. The curve for radiative lifetime versus NA
_ N

D at 295K has
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been plotted in Figure 18. For very low doping levels the material is
int rinsic at 2 59K , and the dependence varie s from (N A

_ N
D) ~

6. 2 . 2. 2 Lifetime versus Acceptor Concentration - -  Because this p-type
mater ial is partly compensated by native donors , the number of hole s will
not equal the number of acceptors. Various low temperature anneals of
samples from ingot 52374 , to reduce the number of stoichiometric accept-
ors , revealed a residual n- type doping of ND ~~

‘ 4 x 1015 cm 3. This
appears to be relatively uniform throug hout the crystal. There will then
be large diffe rences between N A

_ N
D and N A for lightly doped samples.

Plots of TverSus N A
_N

D and Tversus  N A will have diffe rent slopes, and
provide different information about the lifetime mechanism.

Figure s 2 1, 22 , 23 show lifetime versus acceptor concentration a.t 77K ,
19 3K, and 29 5K. A value of N

D 
= 4 x lO iS cm 3 

was used for all samples
in computing N~~. This is accurate for all samples except the zone -
levelled one ; the native donor concentration in this crystal was not measured.

~A e  have assumed the source of unintentional native donors was the same in
the growth of both crystals, and taken ND = 4 x 10 15 for the zone - levelled
sample also.

At 77K , the data give a good fit to l a N A
1. Because we have T a N ~~

’
( Equation 48) in the Shockley-Read model for low injection at low temper-
ature s, then the number of recombination centers Nt is proportional to the
numbe r of acceptors NA. The depe ndence of T on NA

_ N
D Lound in the pre -

vious subsection is actually a depe nde nce on NA. Physically, this make s
more sense. The recombination centers are much more likely to be the
result of acceptors introduced into the crystal than to be tied directly to
the numbe r of free holes. -
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- - . — lAt 193K, Te versus N A is beginning to deviate from the NA depe ndence.
- - -1. 27

An empirical fit to the data give Te a N A . This is because the expo-

nential term in Equation 47 is no longer negligible. As expected, the

decrease in Te with is still significantly less steep than the (pN
AY

1

dependence predicted for the high temperature regime .

At 295K, the dependence of measured lifetime on NA is approximately N \
2
.

The (pN ~~Y~ dependence for low-injection lifetime is not seen at the low end
of the scale , because injection is significant in this case. The effect
of non-negligible inject ion at high temperatures is to lower the lifetime.

T h e  important result of this section is that the lifetime versus dop ix g  data
can be ex pla ined by assuming a Shockley-Read recombination mechanism,

in which the number of x’ecombination centers is proportional to the num-

ber of acceptors.

6. .~~. 3 L i f e t im e  versus  Excess  Carrie r 1)ensity

l’Iie (lependence of lifetime on excess carrie r density is important for two

reasons. First, we would like to have a negligible excess carrier density,

both to satisf y ass umptions used in simple lifetime modeling, and to more
accurately measure the lifetime which affects H A .  Second, the var iation
of lifetime with injected carrie r density, at non-negligible levels, give s
additional information about the recombination mechanism. For these

reasons, reverse recovery measurements were made using a wide r-~tnge

of the forward current Ii,., wh ich can be related to excess carr ier  densi ty.

I’iL ure 24 presents lifetime versus excess carrier density m easurem ents

for lightly doped (N
~~

_ N
D = 1.4 x 10 1.) C m )  Sal l I p le 2 i t  thre e ten pera-

tures. The dependence of Te on Lu shown here is t’e pm’ - sentaliv e of the

sample s tested: with increasing Ln, li~~time decreases at ‘oon~ emper-
at ure , remain s nearly constant at 193K , and i ucr e~ms e ’ -~ at Y 7 K . This

I ’
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ck-pendence cannot be ex plaine d by eithe r radiative or Auge r recombination ,
as shown in Figure 2-i . Theoretical curve s were plotted using the expre s-

— sions in Section 2. 2. Magnitude , variation with An, and variation with
tempe rature all show poor agreement with the data.

The sim ple Shockley- Head model provides a much better fit in all respects;
see Figure 25. I)ependencies on An and tempera ture  are in good agree-
m€-nt with the data, and may be phys ically understood as follows. Assume
an acceptor- ty pe reccmbination level near the center of the energy gap.
At 77K , the Fermi level is well below the recombination level; lifetime is
determined by electron capture  at the recombination center.  Increasing
the dens ity of excess ca rriers f ills some of these centers, hence increas-
ing the l i fe t ime.  At 295K , the Fermi level is above E 1, so tha t the traps
are mostly filled; lifetime is limited by hole capture  from the valence band.
In( t -easing An increases the number  of traps filled by electrons, and hence
d ~creases the hole l i fet ime.  At 195K we have a situation midway  between
t h e  ex t remes , where the Fermi level is near the trap level. Changing An

has little effect  on the l i t u t i m e -.

I” i~~ure 25 also pr ovides a check on the validity of low-level inject~ou
assumpt ions .  At 77K and 193K , the change of l ifetime with An is very

small; data points for the lowest values of An are in excellent agreement

with the calculated asymptotic values for An 0. These experimental
1if~ time s can then be used quite acc urately (w ithin 20 percent)  to model

diode R \ ,  and for comparison with theoretical low -level injection modet s

for lifetime . At 295K, the variation of Te with ~n is greater , and agree-
ment with )h e  simple S-H mod el is poorer than at the lower temperatures .

~\ 1though extrapolation to a low-level lifetime is not possibLe due to
limited data , this lifetime will ce rtainly be longer than the highe st  measured
value; the theoretical curve sug gests a factor of two increase. Injection
e f f ec ts  mus t  the~ be co nsidered when interpret ing h igh- tempera ture  life-
time measurements  of this lightly (loped material .
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Lifetime versus t~n for a more heavily doped sample is shown in Figure 26
with calculated S-R lifetime curves. Again, radiative and Auger lifetimes

L need not be considered. For more heavily doped material, the effe ct of
excess carriers is less severe; lifetime is nearly independent of the injec-
tion level. A good approximation to the low-level lifetime is, therefore,
expected from measured values. As in the previous sample, the one-level
S-R model give s a good qualitative fit to the data.

6. 2 . 4 Lifetime Uniformity

The uniformity of lifetimes measured on multielement diode array s varied
from sample to sample. An idea of the range of measured lifetimes for
each array can be obtaine d from Figures 18, 19, 20, with array descrip-
tions in Table 6. All of these measurements were made wiVi the same
junction area, ‘F’ and In general, the variation in measur ed life-
time was greatest for the most lightly doped material, which also had the
greatest variation in NA _ N

D (due to close compensation) . Figure 27 shows
a map of lifetime versus position for a diode array on lightly doped mate-
rial. The variations in lifetime are, in gene ral, systematic, and sugge st
variations in carrier concentration, or density of trapping centers , across
the wafer. The composition (x -value) variation across tbe wafer, measured
by diode spectral response, is very small and cannot explain the lifetime
variations.

Lifetime was more uniform for the zone-levelled sample shown in Figure 28,
arid the quench/annealed sample of Figure 29. Both were more heavily
doped than the previous sample, with more uniform NA

_N
D (measured by

MIS) . Again, variations in lifetime seem tied to variations in hole concen-
• tration.
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LIFETIME VS POSITION SAMPLE 3
T = 193 K 10 x 10 m~i

2 DIODES15 ~KI NGSTON LIFETIME , IN nsec NA — N
D 

= 4 3  x 10 cm

5.3 mm -‘Il

99

110 99 99 94 97 94 91 86

3.6 mm

90 94 98 94 87 83

no

Figure 28. Lifetime as a Function of Position for Sample 3 at 193K

6.3 DIFFUSION LENGTH RESULTS

6. 3. 1 BITS Result s

The BITS structure has been successfully used to measure minority carrier
diffusion length in HgCdTe. Results of two early BITS arrays fabricated on
4- and 5-~ m cutoff material are a~~ wn in Figures 30 and 31. The signal
curre nt versus material thickness data follow theory quite weU. yielding
reasonable values of diffusion length. These feasibility arrays were, how-
eve r, of longer cutoff wavelengths than material of interest f o r  this program ,
and hence not directly applicable.
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- 
LIFE TIME VS POSITION SAMPLE 8
T= 193 K 10x 1O m i I 2

DIOD~g _3
KINGSTON LIFETIME , in nsec NA 

- ND 
= 1 x 10 cm

6.0mm 
-

55 55 50 52 46

57 47 59 58 59

4 .7 mm

52 56 61 68 71

62 63 57 68 70

Figure 29. Lifetime as a Function of Position for Sample 8 at 193K
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Figure 30. Thicerness Dependence of Signal Current for
a 4-pm Cutoff BITS Array at 200K
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— BITS ARRAY 2
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Co
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Figure 31. Thickness Dependence of Signal Current for
a 5-pm Cutoff BITS Array at 77K
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One BITS array was fabricated with a 3. 0 pm-cutoff , from as-grown QIA
sample 52374, 02, doped p-type by mercury vacancies to 1. 75 x io 16 cm 3.
A major problem with this array was poor ground contact to the p-side of
the junctions, leading to nonuniform current-voltage characteristics down
the array. However, signal current versus thickness measurements were
still possible ; these are shown in Figure s 32 and 33. The raw data in
Figure 30 showed a sizable background signal current due to stray signal
radiation reaching the front surface, prod ucing a saturation of the measured
current for the thicker elements. This effect and its causes are discussed
in Section 4. 3. The background level is added to the signal from all ele-
ments, and tends to indicate a longer diffusion length than actually exists.
When the background level is subtracted from the measured values, Figure
33 results. The diffusion length is much more accurately determined from
this second plot. A comparison with the diffusion length at this temperature
for similar material, measured by EBIC line scans (Figu re 36), shows good
agreement.

Although the BITS array has proven its utility for measuring diffusion
length, it remains a difficul t structure to fabricate. The range of tempe r-
atures over which meaningful measurements can be made is also somewhat
limited. During the course of the program, an attractive alternative be-
came available : EBIC line scans. This technique can be used on pre-
existing junctions, requiring no special structures. The measured E BIC
d iffusion length is spatially localized, rather than the array average
measured by BITS, allowing a detailed investigation of Le variation. With
addition of a variable-temperature specimen stage to the SEM, Le versus
temperature measurements were also made possible. For these reasons,
the E BIC technique replaced BITS for diffusion length measurements for
the bulk of the program.
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= BITS ARRAY 6
— 52374 0-2

T= 175 K A (l93) 3.Op m- CO
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C
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Figure 32. Thickness Dependence of Signal Current for BITS
Array Number 6 from Sample 7 at 1 751<
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Figure 33. The Data of Figure 32 Corrected for
Background Level
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6. ~~ . 2 Diffu sion Length versus Tempe rat ure

Using E BIC line scans, the diffusion length as a function of temperature
wa s measured for several samples. Each scan was taken at approximately
the same spot on the j unction edge to minimize positional variations in Le;
howeve r, some movement of the scan position was unavoidable when chang-
ing magnification scales. Studie s of Le uniformity with posi tion (Section
6. 3. 4) show this variation to be a minor effect.

Figt ~res 34, 35 and 36 present Le versu s tempe rature data for three samples,
with a range of carrie r concentrations. Diffusion length generally increases
with tempe rature due to increasing lifetime . The increase in Le from 80K

to 300K is greatest for the most lightly doped ma terial, and least for t lt e
most heavily doped.

For the most lightly doped material, Fig ure 34, an anomalous decrease in
Le is seen at the highest temperatures. Ambipolar effects are responsible ,
as explained in Section 6. 4. For low dopings and high temperatures, the
int rinsic conce nt ration become s comparable to NA

_ N
D~ so that it is no

longer simply the minority carrier electron diffusion length being measured.
More heavily do ped samples do not show the decrease of Le at high tempe r-
ature s, but ambipolar diffusion le ngth must still be considered. Room
tem perature measurement s should be interpreted as ambipolar diffusion
length on the p-side, which will be less than the electron diffusion length.
1-l owever, at lower tem peratu res, su ch as 80K and 19 5K, the ambipolar
effe cts are negligible ; true minority carrier electron diffusion length is
mea sured.

6. 3. 3 Diffusion Length versus Carrier Concentration

Some data exists on diffusion length versus carrie r concentration, although
the small number of samples makes any conclusions only tentative . Fig~ re
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37 plot s the data at 80K and 195K. More data is available at room temper-
ature, bu t becau se of ambipolar effe cts, any comparison in terms of elec•-
tron diffusion length would be meaningless.

At 195K , Le follows roughly an (NA _ N
D )

~~ 
/2  dependence. This is expected

if mobility is a weak function of NA _ N D, since Le a TeI~e~ and Te has an
dependence at this temperature. At 77K , the same depe nde nce

of ~~ on NA~ N D hold s for the more heavily do ped sample s, but not for the
lightest one . A large number of line scans were tested for this array,
yielding consistent results; we are confident in the data ’ s correctness.
Beca use T

e 
at this temperature is in line with data from other arrays

(Figure 20), it must be the mobility which is abnormally low. The reason
for this low mobility at 77K is not known.

6. S. 4 Uniformity of Diffusion Length

The EBIC technique allows extremely localized probing of the minority
carrie r diffusion length. It is, therefore, a useful  tool for examining
material uniformity in terms of material pa rameters which affect photo-
diode performance. Due to the nature of the SEM cold stage used for the
measurements, extended operation at a fixed temperature could be carried
out only at 80K and room temperature. The uniformity data were , therefore,
recorded at one of these tempe ratures. -

Tabie 7 summarizes the data for several arrays. Uniformity is relatively
good; in no case is the deviation from the mean Le greate r than ± 10 percent.

Figure 38 shows the variation of Le with position on a plank of lightly do ped
material. MIS measurements  of NA

_ N
D showed this to be one of the most

nonuniform samples tested , in terms of carrier concentration; it is, there-
fore, expected to be a worst-case example of Le variation.
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Table 7. Interarray Uniformity of Measured Diffusion Length
at 80 and 295K

T = 2 9 5 ° K

Number of Number of Mean L Standard
Sample Diodes Tested Scans Made e Deviation

_________  ______________  ___________  

(pm ) (pm )

6 3 4 13. 6 0.8

5 3 5 13. 2 0. 8

T = 8 0 ° K

Numbe r of Number of Mean L Standard
Sample Diodes Tested Scans Made e 1)evia tion

_________  ______________  ___________  

(pm ) (pm )

2 6 12 14. 7 0. 7

4 3 6 22. 3 1.0

6 3 3 11. 2 0 .7

It should be note d that scans were not taken near the junction corners,
whe re spreading of the electric field can give artificially low values. In
order to check for anisotropic diffusion length, scans were made in per-
pendicular directions; for several junctions. No dependence on scan
di rection was seen. -

6.4  MINORITY CARRIE R MOBILITY

From measurements of lifetime by reverse recovery and diffusion length
by E BIC, minority carrier mobility has been derived , using Equation 6.
One such curve , for a range of temperatures, is shown in Figure 39. The
experimental curve is to be compared to another experimental curve of
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1o~ —

SCOTT’S DATA:
‘II)

MAJORITY CARRIER -

> MOBILITY In n-type
- 

HgCdTe

CALCULA TED AMBIPOLAR410 MOBILITY,
- 

x=0 .39  2
Uh = 200 cm /~~ sec

\ NA = l .4 x l O  cm~
3

-j
LU -

— 

MINORITY CARRIER
— MOBILITY, calcu lated from
— measured ‘-e and Te

x 0.36
— SAMPLE 2, ELEMENT 4

I x = O . 4~x = 0.39
I I I  1 1 1 1 1 1 1  I I I ! I  1 1 1 1 1 1

10 100 1000

TEMPERATI..RE (K)

Figure 39. Temperature Dependence of Electron Mobility
in n-T ype Hg 1 ~Cd~ Te and p-T ype Sample 2
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Scott, ( 34) who measured majority carrier electron mobility in high purity.
low carrier concentration n-type HgCdTe , of similar composition. Scott’ s
measurements show mobility above 50K to be determined by lattice scatter-
ing, whereas ionized impurity scattering dominates below this temperature.
Our experimental curve shows lattice-scattering mobility only ove r a lim-
ited temperature range, from 170-240K. Below these temperatures, a
marked decrease in mobility points to some other scattering mechanism,
which ha5 not been determined.

Above 240K, ambipolar effects dominate the mobility; it is no longer
simply electron mobility that is being measured. For this case, when
both type s of carriers contribute to the p-side current, the ambipolar mo-
bility is give n by :~

35
~

= 
~e ~h (P~ - n )  / (n 

~e + P p ~~~ 
(5 3)

where the subscript p indicates concentrations on the p-side . A calcula-
tion of the ambipolar mobility shows excellent agreement to the measured
values, as seen in the figure.

A second plot of 
~e versus T for a more heavily doped zone - levelled sample

appears as Figure 40. The curve is similar to the previous one, except at
low tempe ratures, where the mobility does not decrease. Again, at high
temperatures, mobility decreases faster than the lattice- scattering depend-
ence, due to ambipolar effects. The agreement in magnitude between our
data and Scott’s in the lattice-scattering regions is surprisingly good in
both cases, considering the measurement errors involved in Le and r~.
Experimental error would be ex pected to give only factor-of-two accuracy
in

34. W. Scott, J. Appl. Phys. ,j~, 1055 (1972) .
35. S. M. Sze, “Physics of Semiconductor Devices, ” John Wiley and Sons.

New York ( 1969), Chapte r 3, eqn. (37) .
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Figure 40. Temperature Dependence of Electron Mobility
in n-T ype Hg Cd Te and p-Type Sample 31-x x
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6.5 H A
0

6. 5. 1 H A  versus Temperature

Measurements of zero bias resistance as a function of temperature were
made for representative devices from most of the arrays fabricated during
this program . Gene rally, measurements were made for T >170K , due to
very hign junction impedances at low temperatures. The measurement
technique is described in Section 5. 5.

Figure s 41-44 pre sent R0A versus 10 3 /T data for devices with a range of
doping levels. The temperat ure dependence is essentially the same in all
cases, with only variations in magnitude. At the higher temperature s, H A
follows a diffusic-n-limited slope, with a temperature dependence of roughly

or exp (E /kT). Below some transition temperature (in the vicinity
of 190K), the temperature dependence is less steep, and approaches the
g-r limit of ~~~~ or exp (E g /2k T)• Because the x-value, and hence
are nearly the same for all samples, the variations in R 0A are due to the
doping levels and minority carrie r prope rties (lifetime and mobility) . The
main conclusion to be drawn from the figures is that the theory of Section
2. 1 describe s very well the operation of actual diodes.

Theoretical curve s in the figures were calculated using Equations 9 and 12.
For these calculations, the temperature dependencie s of radiative lifetime
and Scott’ s reported mobility were used. This is ju stified because both are
close to the experimentally observed temperature dependencies, and because
H A  has only a square root depe ndence on Te /P e~ Relative magnituoeu of
the curve s have been scaled to fit the data, and to reflect the difference s
between theoretical and experimental e and 

~~ 
Note that in these figures

N D is the doping on the n-side of the j unction, while NA is really N A~ N D on
the p-type side of the junction.
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Figure 41. Temperature Dependence of R0A for Sample 3
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6. 5. 2 H A versus Carr ier  Conce ntra tion

Extensive R0A measurements were carried out at the boiling tempera ture

of Freon 13 ( 193K) for material wi th a range of carrier concentrations.
Below 19 3K , R 0 value s were 1O 7 ohms and above, maki ng measurements
more difficul t. H0A vers u s NA _ N D da ta at 193K are presented in Figure 45.
Each er ror bar repre senta a m ult ieleme nt array, with the mean value indi-
cated. Pertinent data on the arrays appear in Table 6.

At 193K , H A  increases with N A
_ N

D ove r most of the scale, following

roughly an (N A
_ N [) )~~

I2 de pendence. This is to be expected , as the diodes
are generally diffusio .~-limited at 193K (or making the t ransi t ion to g - r) .
For dif fus ion- l imi ted  operation , h A  a N A JE7 and Te has been fou nd to
have an (N \ -N 1) )~~ dependence . For noncompensated material, we should

then have H A  a N~~
h / 2 . The major point of deviation from this curve is

sample 11 (52 374 , K5),  which was do ped by coppe r to -~-2 . 8 x 1016 cm 3 and

had 1’lO ohm cm 2. H0A versus temperatu re measurement s show these

devices are not entirely diff usion-limited at 193K , bu t have a sizable g-r
compone nt. Thic accounts for the lower R0A and we did not plot the point
in Figure 4 ) .

6. 5. 3 H A  Uniformi ty

The uniformity  in measure d H 0A for several m ultielement arrays can be

seen in Figure 45. Variations in H ( A acr ss an array can e as m u c h  as

a factor of five . These differences ari se from two sources. First, the re
are varia tions in N~~. T

e~ ~e’ and n~ in the material, which would cause a
dis tribution of R 0A even for pe rfect junction structures.  Second , im perfe c-
tio ns in the junctions themselves (surface leakage, early breakdow n, im-
p1a~it damage , grain boundaries across the junction ) can vary from element

to element , causi ng differences in H A. The extremes in H A see~i for
0 0

each arr ay are most likely due to the latte r source . Ho weve r, ou r measure-
ment~ of the mate rial parame ters also show a good deal of variation; bette r
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,

cont rol of R 0A uniformity require s both more uniform material, and
better understanding of junction imperfections.
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Figure 45. R0A at 1931 as a Function of Hole
Concentration
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SECTION 7
ANALYSIS

7. 1 S H O CKLE Y - R E A D  RECOMBINATION ANALY SIS

The measurements  r eported in Section 6 have indicated a Shockley-Read
recombination mechanism is responsible for the measured lifetimes. This
C O f l C iU St O f l  was reached on the basis of magnitude of the lifetime , its temper-
ature  dependence , its dop ing dependence, and its dependence on injected
can -icr lensity (f rom Equation 2 2 ) .  In this section, the Shockley-Read mecha-
nism anc its ~ np 1ications will be examined in mor e detail .

7 . 1. 1 Assumpt ions  of the Mode l

( I i)
The expression for  Shockley-Read lifetime appeared in Section 2 :

T~~ (n
0 + n 1 + ~ n) + T

n 
(p + p 1 + c-n)

T S-R = __________________________________

(n + p + vn)

where  the -~~mbols have been previously defined. This expression is strictly
valid only for a single , discrete recombination level in the forbidden gap at
energy E t More than one discrete recombination level, or a band of levels
ar ound E t would  change the temperature  and injection dependence of T S-R
F he tempera ture  dependencies shown in Section 6 . 2 suggest that indeed we
do h i v e  a more comp licated situation than the model assumes. Measured
lifet imes generally show a more gradual  increase with tempera ture  than
predicted by Equation 19 , starting at a lower temperature. This suggests
levels near- (but  below) E t in the gap, which are less effect ive recom-
bination center s.
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Another assumption underlying Equation 22 is negligible density of recom-
bination cen ter s N t, so that N t <<p in p-type material. We cannot be sure
this is the case for our samples. There is evidence that N t is related to
N A, and hence p.

From the dependence of T on N A at low temperatures (Section 6 . 2 . 2) , i t was
fo und tha t N t N A. If the constant of proportio nality is near or above 1, the
assumption of small trap density is incorrect.

An order of magnitude estimate of N t can be made using measured T

val ues. From Figure 20 , we see T~~0 
45 nsec, for p = io

16 cm 3. At
77K , Vth 5. 91x 10 6 cm/ s .  Capture cross-sections ar e usually in the
vicinity of l0~~ cm 2 . Then N t = 3. 76x1 0 15 cm 3, and Nt may indeed be
comparable to p. dependin g on the value of the capture cross- section of the
defect.

7 . 1 . 2 Fitting the Data

hqua tion 16 for Shockley-Read lifetime require~; the parameter s 
~~~ ~no’n 1, and p 1. These parameters are determined by the detai led natur e of the

S-R defect (capture cross-sections , tr ap densi ty , and t rap ener gy level) , and
can only be deterit~ined experimentally . Because these characterist ics have
not been measured for the S-R defect in (Hg, Cd) Te , our approach has been
to treat them as variables in fitting the measured lifetime versus tempera-
ture.  Figures 15, 16, and 17 illustrate the type of data and the resulting
fi ts.

For p-type material with the trap leve l below midgap, is significant
only for large value s of Vn . In the modelling done here, we are not really
in terestea in and have assumed ‘pc~ ~~~ 

for convenience. can be
determined from the low temperature lifetime, which is essentially con-
stant with temperature:
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T 
(p + 2Vn )

S-R T 
(

0 

÷ Vri) -

For low-level injection, 17n <<p 0. the measured lifetime is simp ly 
~~~ 

[‘he
densi ty of injected carriers Vn is known fr om the measurement conditions ,
as exp lained in Section 5. 4. We assum e, for simplicity, that Vn 0 is tempera-
ture- independent; although vth and probably 

~ ri in Equation 23 have some
tempera ture  dependence, the ~theasured lifetimes at low temperatures are
constant within experimental accuracy.

The other parameter found by f i t t ing the data is E the energy leve l of the
S-R defect . Through p 1 in Equation 22 , E t determines the point at which
the l ifetime begins to increase with t empera tu re. Therefore, the hi gh tem-
perature  portion of the experimental  r versus T curve dete~-mines E

~~
, and

the low tempera ture  end determines

In f i t t ing  the data , some degree of uncertainty is expected in the result ing
and E~ . Vn is kn own only approximately, and the data do not follow

exactly the Shockley-Read temperatur e dependence . A range of and E
values then can be found to give equally reasonable f i ts  to the data. However ,
these ranges are not unreasonably large. In the course of evaluating many
T ver sus  T curves  for 3. 0-Mm cutoff material, it has always been found that
E 0. 140 ± . 020 eV gives the best f i t . Value s of 

~~~ 
depend on the doping

level of the material, but worst case accuracy is expected to be within a
factor of two of the nominal values.

7 . 1 . 3 Nature  of the Defect

Shockley- Read defects in semiconductors have been found to arise from a
large number  of sources . They can be caused by electrically acti~ e im-
puri ty atom s, introduced either in the starting materials, the growth pro-
cess , or subseq uent processing. They can be caused by cr y stal defec t s of
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any kind— either gross defects such as grain boundaries or dislocations, or

point defects such as vacancies or interstitials. Th-~se defec t s m ay be du e

to the growth prccess or to later processing steps (such as work damage or
ion implantation) . In the face of all these possibilities , identif ying the
Shockley-Read defect is a formidable task .

Neve rthe less, the result s of this program allow us to make som e definite
conclusion s about the nature of the defect. Fir st , it cannot be due to gross
crystal defects, such as grain boundaries or dislocations . Lifetimes have
been fou nd to be relatively posi tion-independent across the wafers . Small—
area devices used to mea sure lifetime have shown the defect must be rel-
atively uniformly dis tributed in the material, down to a small scale.

Lt also seems unlikely that the defect is an electrically active impur ity atom
beca use of the dependence of lifetime on the acceptor concentration N A. If
an impur i ty  were responsible, life time should depend on the concentration
of the impurity atom , and not on the concentration of acceptor s, which are
assumed to be mercury  vacancies produced by annealing. We would ex pec t
the lifetim e to be independent of the acceptor concentration in that case.

The propor tionality be twee n N t and N~~ is the strongest clue to the identity
of the Shockley-Read defect. Leaving aside the two copper-doped samples
for the moment, the accep tors in these samples were all produced by anneal-
ing, and thus are stoichiometric in nature. They are thought to be singl y-
ionized mercury vacancies. Scott 36 , et. al. , have fo und the acceptor ioni-
zation ener gy t o be abo ut 14 me~’, which is very close to the valence band
ed ge and far removed from the S-R level at about 140 meV . (A diagram of
the relevant energy levels is shown in Figure 46 , for x = 0. 39 U gCdTe at
200K . )  Thus there seems to be no direct connection between the singly -

ionized acceptor and the defect leve l.

Scott , E . L. Steizer , and R. .J . Hager , J . Appi. Phys . 47 , 1408 ( 1976) .
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Fig ure 46 . Schema tic of the Energy Levels
of h g 0 61 Cd 0 39 Te at 200K
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Ho wever , mercury is a divalent atom, and it is possible that the doubly
ionized acceptor level of the vacancy is associa ted with the Shockley-Read
defect.  This would explain the proportionality between the num ber of defect
centers ari d the ~umber of acceptor s. The energy difference between the
single ioniza t ion energy and the double seem s r ather lar ge, if this is the
case. However , in ( dTe , acceptor levels near midgap have been tenta-
tively assigned to doubly ionized Cd vacancies 37 , while the singly ioni zed
accep tor is believed near the valence band . The Cd vacancies in CdTe
would be analogous to Fig vacancies in HgCdTe.

The proposed mechanism doe s not exp lain the lifetime agreement be t A een
copper doped and annealed sample s, at room t empera ture . However , due

to the heavy cop per dop ing, lifetimes could be measured only at room tempera-
ture, and the temperature dependence could not be ascertained. It is possible
that different de ects are responsible for the lifetimes in the two materials,
and that the lifetimes j ust happened to be near each other at room temperature.

In the absence nt da ta, no conclusion can be made . An important experiment
would be to measur e lifetime on more lightly copper doped material, to see
if the same defect , as tha t for the annealed samp les , is responsible . This

would be an easy test of the doubly ionized m e r c u r y  vacancy hypothesis .

7.2 CORRELATION OF MEASURED PARAMETERS

Several techniques were used in this program to measure the various pa-
rameters of interest (reverse recovery for T

eD EBIC for Lei I-V character-
is tics for R 0A) . These three parameters are not independent , but are related
through equations for Le and diffusion- limited R 0A:

37 K. Zanio, Semiconductor s and Sem imetals, Vol 13 , ed . R. K. Willardson
ari d A .C.Beer , Academic Press, New York ( 1978)
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R 0A (diff usion) \J/~
i• _A~J

’•
~

Le =J T ( 56 )

E qua tions 55 and 56 provide a check on the consistency of our rnea~ ured

values . If T
~ 

and 1e are t ruly the bulk minori ty  carrier properties, and
R 0A is limited by diffusion current on the p-side , th en 55 and 56 will be
satisfied. Conversely, if large discrepancies (greater than experimental
error ) appear when the measured values are introduced in 55 and 56 , then
one or both of the following must  be true: (a) the model for d i f fus ion-
li m ited R 0A doe s not appl y, or (b )  the measured values for or Le are no t
the bulk minor i ty  carr ier  lifetimes or di f fus ion lengths .

In practice, the measured parameter s have proven to be consis tent, wi th in
exper imental  error . For examp le, Figures 47 and 48 plot R 0A versus
temperature for two samp les, compar ing measured R 0A with Equation 55.
The values of T and Le versus  tempera ture  were experimentally determined,
and appear as figures in Sections 6. 1 and 6 . 2 . The only exceptions are diffus-
ion lengths at high temperatures (above 250K ) , where ambipolar effec ts make
the m easu rement invalid. (See Section 6 . 3 . )  In this region , Le was calcu-
lated f rom the measured lifetime, and a mobil i ty extrapolated along the

( 36 )measured temperature dependence of Scott et al

The agreement between measured R 0A and calculated values for diffusion-
limited operation is qui te good , in the temperature range above 180K . Be-
low this temperat ure , the devices becom e g-r limited. Some deviation of the
data f ro m the calculate i R 0A also occur s at the high-temperature end , as
series resistance in the devices becomes comparable to the rapidly- de-
creasing diffusion resistance. Because :
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R - + R - , (57 )n-teas dill series

The measured resistance (R ) becomes dom inated by the series re-m ea 5
sistance (R series ) if the tempera ture  is raised sufficiently .

Nevertheless, the important  point is that measured r e, L , and R 0A pro-
vide a consis tent  picture  of diode operation in the di f fus ion- limited tempera-
ture  range . We can conclude that the rat io of measured values ~ IL  ise e
equal to the rat io of bu lk  minori ty  carr ier  l ifetime to diffusion length . More-
over because the mobility calculated fr om measured T and L is also con-e e
sistent  with expected values for minor i ty  carrier mobility, we can conclude
that measured 

~e and Le are independently very close to the bulk  minor i ty
carr ier  l ifetime and diffusion length , respective ly.

rhe agreement found between measured R A , T e’ and Le for the devices in
Figures  47 and 48 is characterist ic of all the devices tested , when dominated
b y d i f fus ion  current . Comparison over the ful l  t empera ture  range was done
for only a few elements, due to the amount of data involved , but spot checks
at single t emper a tures  have been done for many devices . We are, therefore ,
confident  of having r orasured  t rue  minor i ty  carrier lifetime and di f fus ion
len gth , for diodes which are d i f fus ion- l imi ted.

7. 3 LIMITATIONS OF M E A SU R E M E N  r METHODS

While the diode reverse recovery and EBIC line scan methods proved to be
the most useful techniques for measuring lifetimes and diffusion lengths in
this program, they do have certain limitations which should be kept in mind
when interpret ing the results . The lim itations should also be understood b y
potential users of these technique s .
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7. 3. 1 Diode Reverse  Recovery Technique

• The reverse recovery technique does not automatically give accurate values
of the minor i ty  carrier lifetime. Some care must  be taken in making the
measurements and interpreting the results. The following discussion is in-
tended to illum inate some of the pitfalls.

7 . 3 . 1 .1  Injected exce5s carrier density — The most serious l imitat ion to
in te rpre t ing  measui  l i fet imes as the bulk minority carrier lifetime is the
effect  f injected carriers. Carrier  l ifetimes, whether radiat ive, Auger , or
Shoc~~ley-Read , vary with the number  of excess injected c~.rriers in the
mater t a l .  What is usually meant by minor i ty  carrier l ifetime is the life-
time for low-level  injection , so that the excess carrier density Vn is much
smaller than the concentration of hole s in equilibrium ( in  p-typ e mater ia l) .
The r everse recovery  technique inherently injects a f in i t e  number  of excess
electron s into the p-region , when the diode is fo rward- b iased . Whether or
not the low-level  condit ions are sat isf ied depend s on the measuren ent con-
dition s and device being tested.

As discussed in Section 5. 4 , the injected carrier density is given approxi-
mately by

‘F ~= 

2qAL~ 
(
~58)

For a given p iece of s tar t ing mater ia l, the two parameters  which can be ex-
per imenta l ly  varied are the fo rward  current  ‘F’ and the junction area A . A
lo~~er limit is placed on ‘F by the requirement  that IF / 1R

)
~2 , to obtain good

Kun o p lots , and that 1R be significantly greater than the reverse  saturat ion
current. The latter requirement  means ‘F and 1R must  be larger for higher
tern p~ ra tures;  because T e lL also increases with t empera ture, inject ion is
mos .  important  at high tempera ture~~. The forward current  also must  be
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high enough to ensure  that  the d i f fu s ion  of injected car r ie rs  dominates the

cur ren t  ilo~ af ter  the bias is r eve r sed , and not some leakage rnechanisr~.

hmpir - i ca l ly ,  the fo rward  cur ren t  is lowered unti l  the r everse  recover - v

curves  no longer show sharp, wel l-def ined  t ransi t ions at the end of the

storage time t~~. In the work done here , a lower limit on ‘F was typical l y

a few mi ll i amps .

rhe only other ad jus tab le  pa ramete r  is the .i unction -area A, which should he

as large as possibie  to min imize  Vn . Most of our devices were ¶~~. 5 x 10 . 5

mu 2 , which proved large enough to give reasonable vn , and small enough
to allow invest igat ions of mater ia l  un i fo rmi ty .  The relat ionship between
area ann Vn is very important  when interpret ing data. Studies of l i f e t im e

ve r sus  junction area usually show lifetime decreasing for smal l -area  de-

vices; the lifetim e decrease is due to increased inject ion , and not to art y

d i f fe rence  in the recombina t ion  physics .

Inject ion t f f ect s  are less serious for more  heavi l y dc ped ma te r i a l, both
because ~n / p  is au tomat ica l ly  smaller , and because T

e /L € wi l l  be smaller .
I’he need for large areas and low cur ren t s  is , therefore , re laxed .

Because the l ifet im e varies with Vn , and hence ‘F’ the fo rwar d c u r r e n t
m u s t  r e m a i n  cons t an t  when making a Kuno measuremen t .  The reverse

cur ren t  is var ied to give the necessary range of ‘F”R values . Vn

should also remain constant when making  measurements  of l i fe t ime ver ~us
tempera ture, but thi is d i f f i cu l t  because and 1

~e vary with t e m p e r a t u r e .
In pr tc t ice , 1F is kept constant throug hout  the measurement  at a low value ,
and it is assumed that the resulting variations in Vn will  be small enough to
have li t t le  effects on the results . The effec t of significant ~‘n on the Shockley-
Read T

e versus  temperatur e curve is to lower the h igh- tempera ture  iifetirrre;
and raise the low-temperature end.
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7 . 3. 1. 2 Range of measurable  lifetimes -— The lower lim it on measurable

lifetimes is determined by the r ise and fall times of the pulse generator and

oscilloscope used in the measurement .  For our equipment, this lim it is
about 25 nsec. More elaborate equipment could be used to extend the range.
There is no real upper limit on the measurable lifetimes.

7 . 3 . 1. 3 Limitations on diode current-vol tage  characterist ics  -- In general,
diodes with poor I_ V characterist ics  will give poor reverse  recovery curves
and unreliable lifetim e resul ts . Junct ion breakdown voltage should be large
enough that  the device can sustain the applied reverse voltage without signif-
icant leakage current .  It is also important  that  the diode be dominated by
bulk diffusion cur ren t  or generat ion-recombinat ion in the space charge
reg ion , and not by leakage currents  in the surface or bulk.  A high series
resistance can also adversely affect  the reverse  recovery  curves, b y intr o-
duc ing  an R( decay at the f o r w a r d - t o - r e v e r s e  tr ansit ion . For short life-
t im e  mate r ia l, this can comp letel y hide the expected reverse  recovery curve .

7 . 3 . 1. 4 Surface  ef fec ts  -- We have seen no evidence that our measurements
are af fec ted  by surface, as opposed to bulk , recombination. Correlat ions
of measu red  lifetime, d i f fus ion length , R 0A, and mobil i ty are consis tent
with bulk propert ies (see Section 7. 2 ) .  Surface effects  would be important
if the surface recombinat ion  velocity s were comparable to the ra t io  of Lel
T
e~ 

T yp ical values for this  rat io are 2x10 3cm 4
= 2x10  cm/ sec .

10 sec

Surface  r ecombinat ion  veloc i t ies  measured  by MIS t ransient  techn~’~ues ,
however , are typ ically in the range of io l _ i o 3 cm/ sec .  Th erefore , surface

recombinat ion should not limit the l i fe t ime.

7. 3 . 1. 5 Absolute  accuracy of measured  l ifet imes — there  are  severa l
factor s which l imit  the absolute  accuracy  of the measurements.  One is the
in jec ted  car rier densi ty ,  explained earlier in this subsection . Assuming ~ e
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have  satisfied low-level  inject ion conditions, other inaccuracies arise be-
cause we do not have an ideal abrupt junct ion  (K u n o  ve r sus  Kingston methods).
This was discussed at length in Section 5. 4, with the conclusion that numbers
resul t ing f rom Kunu ’ s t reatmeni  are expected to be more accurate  than f rom
Kingston ’s, but the experime ital  discrepancy between the two doe s not ex-
ceed a factor  of two . Exper imenta l  error s are also introduced in reading

~~~ 1R~ 
and t~ f rom the scope traces, and in taking slopes from Kuno plot s .

Eiowever , the consistent resul ts  we have obtained in computing R 0A and
mobil i ty from meas ~d lifetimes indicate that these lifetimes are not fa r
r e m o v e d  fr oni tho ac tua l  values . A reasonable estimate of the r e l i ab i l i t y
of the measurements  is a fac tor -of - two accuracy for l ifetimes evaluated by
Kuno ’s method. Kingston l ifetimes typically over-est imate Kuno ’ s by U~ to
a factor of two.

7 . 3 . 2 LEIC Line Scan Technique

7 . 3 . 2 . 1 Surface recombj natj on -- The line scan technique is pa r t i cu l a r ly
vu lne rab le  to surface recombination effec ts , as the carr ier-generat ing
electron beam is scanned directly along the surface.  In silicon, where the
s u r f a c e  recombinat ion  velocity is re la t ive ly high, this is a ma jo r  effect .
( onsequent l y, other- techniques have been developed , such as vat -v ing  the
electron energy to vary  the penetration depth beneath the junct ion , ir ,siead
of along the surface . (Our SEM does not have the range of electron energies
necessar y to use this  technique. ) However , in Hg 1 Ud Te, surface  re-
combination velocit ies can be shown to be relat ively insignificant  on passi-
vated surfaces (see preceding subsection). Surface recombination is, there-
fore , not expected to influen ce the measured diffusion length.

~~e have som e experimen tal evi lence that this is the case . On one sam ple,
E131( scans wer ’~ made usin g a 25 KeV beam voltage ( our standar d value) ,
and then 15 KeV . The 15-KeV electrons are absorbed nearer the device
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surface, and would be expected to give a shorter d i f fus ion length if sarface
recombinat ion is significant . In fact , the observed difference in L was only
a few percent, well within exper imenta l  error . The second indication that
surface recombinat ion is not important  comes f rom the agreement between
ItBIC and BITS result s for diffusion length . BITS measures diffusion length
in the bulk , and is not affected by surface  recombination . BITS measure-
m en i t s  on samp le 7 (N A

_ N
D = 1. 75x 10 16 cm 3) gave Le~ 14 i.~m at 175K .

l-B l(  measurements  on similar mater ial, sample 6 (N A
_ N

D 1. 6 xl 0 16

~~~~~~~ gave 1
~e = 12- 13 ~.m at this t e m p e r a t u re .  rhe discrepancy is within

the experimental ,  error  for either technique . V~e conclude that  surface re-
combination does not sign i f i can t l y af fec t  our- L nm easu rement s .

7 . 3. 2 . 2 Temperature  l imitations -- Temper ature  l imitat ions on the EBIC
technique  com e in two fo rms :  those imposed by the tempera ture-cont ro l l ing
equipment , and those imposed by the validity of the measurement .  V~ith
the present  system , extended measurements  at a stable t empera tu re  can be
made at 80K and room tempera tu re . This limits studies of Le un i fo rmi ty
to one of these t empe ratu r e s . Between these t empera tur es , the temperature
can be raised slowly enought  to accurately obtain Le versus  tempera ture
data on a given  element, but  not on several ~lements . The variable-tem-
peratur e m ea s u r e m e n t s  take up a considerable amount of time as the system
is warming.

The measu r emen t  itself i-uri s into t rouble above about 250K , as tht  mater ia l
approaches  an int i - ins ic  condit ion , and ambi polar e f fec t s  become important .
The measured  ( l i f t  u s ion  h rlgth s tar ts  to decrease with tempera ture, instead
of increasing.  This means  that  Le measurements  are no t valid in t erms of
the electron dif fus ion length at room tempera ture , and that the device must
be cooled to obtain valid r esul ts . Quick tes ting of diffusion lengths is ,
the re fo re , not possible .
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7 . 4 COMPARISON wI’rH RESULTS FOR O r HE R  H g Cd Te
COMPOSITIONS 1-x x

7 . 4 . 1 Shockley-Read versus Radiative

Reverse r ecovery lifetime measurements at the Electro- Optics Center have
invariably shown the lifetime mechanism to be Shockley-Read . Measure-
ments  have been made on x = 0 . 2 to 0. 4 material, corresponding to cut ff
wavelengths  fr om i i  to 3 ~~iii . Measured lifetimes are less than the calcu-
lated radiative lifetimes, an d the temperatu re dependence is tha t of a Shockle y-
Read mechanism . It has been noted that the measured lifetimes are closer
to the radiat ive limit for small x-value material  than for large x-value.
This is opposite of what one would expect: that a larger bandgap would lead
to a lon ger lifetime . rh us, the low-temperatur e U fe t im e  1’ will be lar ger
for x = 0. 2 then foi- x = 0. 4 material. Either the capture cross-section for
electrons or the number of S-R defects must  be higher for higher x-va lue
material.

7 . 4 . 2 Energ y l evel of S-R Defect

The energy 
~~ 

of the defect is not the same for all compositions, but ra ther
varies with the bandgap. Typical values found for E t fr om life t ime versus
temperatur e data are 140 meV for x 0. 39 (E g~~ 0 . 41 eV) , 110 meV for
x = 0. 30 (E g 0. 28 eV), and 50 meV for x = 0.20 (E g 0 . 12 eV ) .  Lifetime
versus tempera ture  data for x = 0. 326 diodes are shown in Figure 49. The
energy level maintains its relative position in the gap, b etween one-third
and one-half of Eg above the valence band. The energy level is always found
to be below midgap .

Some preliminary data fr om DL rs measurements of an x = 0. 326 diode
have shown agreement with our values of the defect energy level. Figure 50
shows the data , which indicates some type of electron traps at 200 and 160
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meV below the conduction band or 120 and 160 meV respectively above the
valence band . Lifetime versus temperature data on diodes from material
of the same crystal indicated an E t be tween 120 and 130 rn eV above the
valence band . Figure 51 sketche s the positions of the levels in the gap. It
should be remarked that the DLI’S result s presented here are more qualita-
tive than quan titative , and that further measurements and analysis are
necessary to determine the trap parameters accurately. However , the
agreement seen between the two dissimilar techniques is encouraging.

E
C

0.320 , E = 0  160(300°) 12 

—— — — — E 1 
= 0. 120

— 
EA E

Fi gure 51 . Schematic of the DLI ’S Energy  Levels in the
Band gap of Crys ta l  20475
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7. 4 . 3 Other Dopants

While most of the measurements have been made on material doped by
annealing, some Lfetime data exist for material doped in the melt by accep-
tor impurity atom s. C opper-doped crystals have been grown for x = 0 . 2 and
x = 0. 3, and represen t most of the impurity-doped material . Lifetime ver-
sus temperature  data show a Shockley- Read dependence , with values of
lifetime roughly comparable to the material doped by annealing. The location
of the S-fl defect leve l is again near , b ut below, the middle of the gap. Data
on l ifet imes for Sb and As doped crystals is less extensi :e, bu t seem s to
indicate  significantly lower l i fe t imes than for copper . Studies of l ifetime
versus dopi ng concentration have not been done for any of these dopants ,
and much  work remains in characterizing them.
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SECTIO N 8
CONCLUSIONS AND RECOMMENDATIONS FOR

DEVICE DESIGN AND FUTURE WO RK

R .l  CONCLUSIONS

The major conclusions of this work are the following:

( 1) The recombination mechanism in p-type Hg 0 61Cd 0 39Te is Shockley-
Read , not radiative . This is demonstrated by the magnitude of the
lifetime, and it s depe ndencie s on tempe rat ure , carrier conce nt ra t ion,
and injected carrier density.

(2) The number of Shockley- Head recombination centers is proportiona l to
the number of acceptors for material doped p-type by stoichionietry.

(3) The energy leve l of the recombination cente r is approximately 1 40 meV
above the valence band edge.

(4 )  At te mperat u res up to about 200K , li fetime depends on the acceptor
concentration as Te a NA ’. This holds for both quench/anneal and
zone-levelled material. At highe r tempe ratures, the dependence
approaches 

~e a N A
2 .

( 5)  Below 200K , d i f fus ion length depends on the acceptor concentration as
Le a N~~~

”2 for both Q/A and zone-levelled materials.

(6) In all but the most compensated samples, Te and Le are qui te uniform
(4- 10 percent) .

( 7)  Electron mobility (u e ) in p-type Fig 0 61Cd 0 39Te equals 
~e in n- type

m a terial, wi thin experimental error.

12~3
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(8~ At 193K , H 0A depends on p-side doping as ~0A a (N A - N D ) l
~~

2, up to
at least N A - N D = 2x io l6 cm 3. Diodes are generally diffusion-
limit’ d at this temperature.

(9 )  Diode reve”se recovery is a powerful method for measuring minority
+carrie r electron lifetime using n - on-p j unctions. EBIC line scans

can be u sed to determine electron diffusion lengths in p-type
Hg 0 61 Cd 0 39Te. Both methods have the advantage of being directly
applicable to existing junctions—no special device structures are needed.

8. 2 RECOIV MENDATIONS FOR DEVICE DESIG N AND FUTU RE WORK

Three conclusions of this program directly affe ct device design: the
depe ndence of R 0A on do ping; the fact that lifetimes are limited by Shockley-
Head , rather than radiative recombinatj on; and the connection of the S- R
defect with the stoichiometric acceptor concentration. The first of these
implies that more heavility doped p- type material should be used for n~ -on-p
diodes to achieve the highest R 0A. At 193K , an improvement in R0A was

16 - 3obtained for NA 
- N D up to 2 x 10 cm ; above this level, the diodes were

not diffusion-limited , so that no definite conclusion is possible . At high
erLough doping levels, R 0A will be gin t o decrease due t o j un ct ion leakage,
caused by tunneling or avalanche mechanisms; an optimum doping level then
exists for highest il0A. Thi s level has yet to be determined.

Identification of the lifetime mechanism as Shockley-Read rather tha n radi-
ative means R0A improvement is possible through elimination of the S- H
defect. For x = 0. 39 material, H A  can be improved by a factor of 4 or 5 by
achieving radiative lifetimes. The implication for device design is straight -
fo rward: to achieve highe r R 0A, we muat have starting material with longer
lifetimes.
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There are several ways to go about improving the l ifetime. The f i rs t  is to
stop doping the material by stoichiometric anneals, since the number of 5- R

recombination centers has been shown to be proportiona l to the number  of
stoichiometric acceptors.

The formation of vacancies and other lattice defects, which mi ght be ex pected
to act as recombination sites, is known t .  be enhanced at high temperatures;
therefore, such processing should be avoided, Instead , more effor t  should

be pu~ into doping by acceptor impur i ty  atoms. Seve ral atoms which act as
- . - ( 13, 38)

acc€ ptors in h g 1 ~
Cd

~ Fe have already been identif ied (Cu , As , Li ,

P) . Their e ffects on lifetime , howeve r, have not been determine d adequate ly.
Studie s like this  one, looking at l i fe t ime as a function of temperature and

doping, need to be done for the var ious  acceptor dopants. 1)opants may be

found which do not introduce deep Shockley-Hearl  levels into the ene rgy gap,

allowing the lifetime to be determined by radiative recombi nations. Of
course, othe r defe cts or impurities, less effective than the one now limiting

lifetime , may be uncovered.  The firs t step, however , is to eliminate the
defect we have some knowledge of.

A second approach to improving the lifetime is to utilize alternate growth

methods to the Q /A  and zone-levelling techniques. LPE~ holds pa rticular
promise here. By growing films at low tempe rature s, the formation of
vacancie s and other lattice defects is greatly reduced. The material is
doped in the melt with acce ptor impurit ies, and stoichiometric doping is

avoided. Hesearch into the effect  of . .arious dopants on l ifet ime will  still

be needed , however.

In order to independently ve rif y the existence of the Shockley-Read level ,

and determine  parameters  of the defect such as capture cross-section,

(38) E. S. Johnson and ~J . L. Schmit , .J. Electronic Materials , ~~ 25 ( 197 7) .
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number  of traps, and trap ene rgy, othe r measurement technique s are needed.
In particula r, Deep Level Transient Spectroscopy (1)LTS) seems promising
a~ a mea ns to furthe r investigate the deep recombination level(s) in (Hg, Cd)Te.
This will be particularly useful  if various acceptor dopant s are examined for
their effects on li fetime. Then measured lifetimes can be related directl y
to propertie s of the recombination centers.
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APPENDD( A

METHODS FOR EXTRACTING LIFETIME FROM REVERSE
RECOVERY DATA

Table Al lis ts 14 papers dealing with the determination of lifetime using
diode reverse recovery data. Comments on the validity of each technique
are included.  In this report we have used mainly the methods of Kingston
and of K uno as detailed in Section 5. 4 .

~

- —~--~~~~~ --



1~~ U;
U)

*4 -
~ G) . 4)

-
~~ U) .‘~~ D
U) . — 4) ;j
4) S. 0 -~~ —
C.. -

~~ 
. - o.

4) 
-
~~ U) 0

4-, 0 - 4) 3.’
0 C,
0 0.

4) C~ cd U) Cd
— _____ 

- -~ Cd 5) c~
~~ 

-

~~ V U) U) Cd C) Cd 5-. 4)

3.) 0 ~ o 0 v ~ ~ ~~ C~ 
- -  .4

G) U) ~ - 9 9  .9~~~~ ~~~~~ -r’ d ~o U) U] U) ~ •-. ~, •~
) Cd ~j

C.) *4 C, Cl) (4) Cd ~ —
3.) 0 cd C, Cd ~ 4) 5) 0 c 0 Cd ~0 C, C, ._, ._. 

~ 0 05-, ~ o. 0. 0 •
~~ 0 ~~ -. ~~~~~~. U)

~ o~ o s~ 5) ~ -O S.
i. ~~~~~~~~~~ 4) 0 5 ) O 4 ) 4 )  W

~~~~~~~~8~~~~~~~~ Cd~~ 9
Cd C, C~. bO a-’ .- >-.

~-. o s~ 
Cd Cd Cd ~~ ~ ~, o ~~, = Cd

-. -4 .~~~ U) ~~~~~ -~~ -~~ ~~ 0 -
~~ ~~~~~~ (4) 

-~~

~ ~~

~~ C, C., C, c o .~~ ~j  C,
C, .~ ~~~~ 0. 0. 0. S. U) tiC U) U) 0.

C, (4) ... 0. 0. 0. C.. 5j 5) 5) 0~~ U) 0.

~~ 
,
~ — .~~~ .-z~ -~ -i~ ~ z ~ u o  <

— - —

~0 0 ~.. 5) 4) C- S.
- . -~~ tiC tO >4 S. >4 S. -‘ > > >~

~~ ~, 5- C., Cd ~-‘ ~‘ Cd ~~ C, C, C,

-~~~
4) >, .,~ C., >~ ~~ C, C, >-, ~~

— U) C.. C, -~~ C, 5.. .0 0 C, C, C, a- .0 ~O .0
Cd 4) 4) C, Cd ~ (-. C, Cd Cd 3.) 0 C, S., C,

~~ .— ~~~ Z > ~ ~t Z ~— ~-t .
~ <

4-,
C.)
(1~ 0 +~ a-, a-- 4-4 4.- •-~ ~~ — -o -o
s_a ~~~~ 0. 0. 0. 0. 0. 0. 0. 0. 5) ~) 4 ) 5 )  4 ) 5 )  4) 5)

C) C] ~ ) 0 0 0 ~~ 
-
~~ 

-
~~ ~ ‘ tO bO ‘ ‘  tO

C, C, C, 5, 5, C, S~. Cd Cd 0~~~ 0~~~ O~~~.0 .0 .0 .0 0 .0 .0 .0 C, S.. ~
‘ -0 Cd -0 Cd •~~~cd— -: -~ —~ -~ -~ - -~ -i~ 0 0  o.

5.. — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

C
‘-4

r—
-~~ 40 CO

0) 0 —0 -, — N 0)
-~~ -— —. — CO (0 0 CO
4-, ‘~‘ 0 ~~ 0) 0)

0 Cd . —, —
—4 Cd 5,
~-1 4) a-.

(0 -
~~ C,S. Cd CO

0

Cd -
, 0) 40 

~ tic
a) ~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— ‘~ ‘ Cl) C S. Cd
.0) 0 4) ~ .

~
;, Z

~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~

~ -~ ~ ~~ o c i  -o -~ ~~ C 

~~~~~~~ ~4) ..-4 N C’) ~1’ 40 (0 0) 0) —‘ — — — —z ~~ .i ~ -~ ~~ 
,
~ -~~ 4~ ~~ ~~ . 

~~ .~ .~~ .~~

134



R E F E R  EN C ES

1. D . Long, “Photovoltaic  and Photoconduc t ive  Inf rared  Detector s, ’ in
Top ics in App lied Physics,  Volum e 19: Opt ica l  and In f r a r ed  Detectors,
pp 10 1 - 14 7  (S pr inger-Ver lag,  Ber l in  Heidelberg, 1977) ;  the p-f - P
backside contact is discussed on pp. 110-112 .

2 . “Detection of Long Wavelength  I n f r a r e d  at Moderate Tempera tu r e s, ”
Final technica l  r ep or t , NASA J ohnson Space (‘ enter Contrac t  NA S9- 14 180 ,
\loC.l . 5S, Ap r i l , 1977 in par t icu lar , see Section 2. 3 .

3 . D . I .on~ , 1 . J . I r e d w e l l  and J - H . V~ oodf il l , ‘D e t e c t i v i t y  vs T e mp e r a t u r e
in I n f ra r e d  Photo Detec tors ,’ Proceedings  of the  J o i n t  2Jeet ing )t the
I R I S  Specia l ty  Groups  on In f ra red  Detectors  and  I m a g i n g-V o l u m e  1; 13- 15
J une , 1978, pp . 387-400.

4 . U . F . Sah , H. N . N oyce and W . Shockley,  “ Carr ie r  Genera t ion  and Recom-
b i m ti on in P -N -J u n c t i o n s  and P-N Junct ion Cha rac t e r isLic s , ‘ Proc. I R E  45 ,
1228 ( 19 5 7 ) ;  see I~quat ion  28 , p. 1234 .

5 . P . U . Petersen, “A~ gei- Recombinat ion in U g 1 C d ~ Te , ” 3 . App i. Pn ys .
41 , : 4 6 5 ( 1 9 7 0 ) .  x

6 . i\1. A . K in ch , \1 . J . Brau  and A . Simmons , “Recombinat ion  Mechanisms
in l~— 1 4  )~~~ 1l~~( d Tc , “ .1 . A pp I. Ph ys . 44 , 1649 ( 1 9 7 3 ) .

7 . P . 1- . . Pe tersen , F in~il Repor t , AI- -;U C~ontract  [ “ 4 9 6 2 0 — 7 7 — (  —0028 ,
I- rb . 1979 .

8 . B laken it - c , .J . ~~~. S e m i c on d u c t o r ’  S ta t i s t ics,  Per-gamon Pres -, , Oxford
( 1 9 6 2 )  ( h a p t t - ~’ 6 .

9 . ~V . va n R u o sb r o e c k  and W . Shockle~ , “Photon-Radia t ive  R ecombin at ion  of
IA ect rons  and Holes  in ( .e r n sa n i u m , “ Phys . Rev 91 , 1558 ( 1 9 5 4 ) .

10 . R . \ . Hall , Proc. Inst .  Electr . Lng.  B Supp i. 106 , 923 ( 19 59 ) .

11. Vo . Shock luv  and V~. ~
‘
. Read , J r . ,  “Sta t i s t ics  of’ the R e c o m bin a t i o n s  of

Holes  and I , l e c t r o ns , ‘ Phys . Rev . 87 , 835 ( 19 5 2 ) .

12 . .J . ( ‘ . A t chc  and ‘
~ . \ i zu fa i :o~, ( urnpt . Rend . \c ad . Sct . 1326 5, 568 ( 19 6 7 ) .

13 . .1 . L . Sclimit and 1- , . 5. J o h n s o n , “Exp lora tory  Development  on Hg 1~~~( d ~ Te
Impr ) v 4 - r l t e n t  Phds( ’  II , M a r c h  1977 , A F ’ M L — T R — 7 7 — 2 1 .  -



31. J . I. . \ loI l , S. Krakaue r  and R . Shen , Proc. IRE 50 , 43 ( 1 9 6 2) .

32 . J . L . Mu l l  and S. A . Hami l ton , Proc . I E E E  57 , 1250 ( 1 9 69 ) .

33 . W . H . Hack e t t , J r ., 11. U . Saul , H. W . Dixon , 0. W . Karnmlott , 3 . Appl .
Phys. 43 , 2857 ( 1 9 7 2 ) .

34 . W . Scott , J . App i . Ph ys . 43 , 1055 ( 1 9 7 2 ) .

35~ S . M . Sze , Physics of Semiconductor Devices,  John Wiley and Sons,
New \ o r k ( 1 9 6 9 ) , C hapter 3, eqn . (37 ) .

36 . W . Scott , 1. . L . Steizer , and R . J . Hager , J . Appi . Ph ys.  47 , 1408
( 1 9 7 6) .

37 . K . Zanio, “Semiconductors and Semirnetals ,” Vol  13 , ed . R . K . Wil lardson
and A . C . Beer , Academic  Press , New ~ or -k ( 197~~) .

:18 . K . S. J ohnson and J . I... Schmit , .J . Electronic Mater . 6, 25 ( 1 9 7 7 ) .

:\l H . H . Kingston , Proc . IRE 42 , 829 ( 1 9 5 4 ) .
\2 B . Lax and S. F . N cu st a d t e r , J . App i . Ph ys . 25 , 1148 ( 1954) .

A 3 i\i . lJ y c z k ow sk i  and J . R . Madigan , J . App I. Ph ys . 28 , 878 ( 1957) .
\4 W . iI . K u , IR E  Trans . on E l .  Dev ., E D 8 , 123 ( 1 9 6 1 ) .

A~ A . S. Grove and (‘ . F . Sah , Solid St. Elec . 7, 107 ( 1 9 6 4) .
AG L. A . Davidson , Solid St. Elec . 9 , 1145 ( 1966) .
A7 L . deSmet and H . vanOvers t rae ten , Solid St. Elec . 18 , 557 ( 1975) .
A8 D . ( . Lewis , Solid St . Elec . 18, 87 ( 1 9 7 5) .
A9 J . L . Moll , S. Krakaue r  and R. Shen , Proc. IRE 50 , 43 ( 1 96 2 ) .
A J O  S. ’- . Muto and S. Wang, IRE fr ans .  on 1.1. Dev ., ED t) , 183 ( 1 9 6 2) .
A l l  J . L . Moll and S. A . Hamilton, Proc . I E EE  57 , 1250 ( 1 9 6 9) .
A12 D . 1’. Kennedy,  IRE Trans. on E l .  Dev. , ED9 , 174 ( 1 9 6 2) .
A 13 H . J. Kuno , I E E E  frans . on E l . Dev ., ED 11 , 8 ( 1964) .
AlA R. U .  Dean and (‘ . J . Nuese , I E E E  Trans . on E l .  Dev .,  ED 18 , 151

( 1 9 7 1 ) .  —

136

-—---

~~~~~~~~~~~~~~~~~~~~

—--

~~~~~~~~

-- -.- -

~~~



14 . J . L. Schmit and L . 1.. Stelzer , J . Electr onic Mater . 7, 65 ( 1978) .

15 . J . D . Beck , R. M . Broud y, and FL W . Bechdolt , “Metal- Insulator-Semi-
conductor Resu l t s  in 3 to 5 Microm eter (H g, Cd) Te , ” Proc. IRIS
Detector Specialty Group M eet ing ,  1977.

16 . H . Vo . Bechdolt , “A Metal-Insulator-Semiconductor Stud y of the Bulk and
Surface Properties of (H g, Cd)Te , ” Master ’s Thesis, Department of
Electr ical  Engineer ng and Computer Science, Massachusetts  Insti tute
of Technology , May, 1977.

17 . .1 . D . Beck and R . W . Bechdolt , “Exp loratory Development of (H g, Cd) Te :
Fr -app ing and Surface  Processing, ” First Interim Technical Report ,
At- i \ IL  Contract  F 3 3 6 1 5- 7 6 - (— 5 0 7 0 , January-October  1976 .

18 . ( upper -tech , Inc . ,  9th and Greenleat ~ St ., Allentown, PA 18102 .

19 . 1. . II . Putley, The Hall Effec t  and Related Phenomena, But terworths ,
London ( 1 9 6 0) .

20 . ,J . 1.. Schmit , J . Appi . Phys. 41 , 2876 ( 1 9 7 0) .

21 .  L . L . Stelzer and J . L . Schniit , “Exp loratory Development on Hg 1_ ~~Cd~
Te Improvement , Phase II , ” Interim Report under F33615-74-C-504 1,
J a nu a ry  1975 .

22 . .i . C . Woolley and B . Ray, J . Phys . Chern . Solids 13 , 151 ( 1960) .

23 . R . H . U alazka , Acta  Ph ys . Polon . 24 , 791 ( 1963) .

24 . J . Blair and H . Newnham , Conference on the Metallurgy at Elemental
and (‘ompound Semiconductors,  Boston , 1960 , Interscience , New ‘y ork
p .  393 ( 1 9 6 1 ) .

25 . D . Long and J . L . Schmit , Semiconductor s and Semime~a1s, Vol.  5,
( hap.  5, Academic  l’r ’ess , New \ ork , p. 243 , ( 1 9 7 0) .

~6 . J . 1. . Schmit  and K . L . Stelzer , J . Appi. Phys . 40 , 4865 ( 1 9 6 9) .

27 . “FREON ’ ES , Fluor inated  Ether , K . I . Dupont Co . ,  Wilmington DE 19898.

28 . H . H . K ings ton , Proc . IRE 42 , 829 ( 1954 ) .

29. H . La~ and 5. 1- ’ . N eust ad te r , J . App I. Ph ys . 25 , 1148 ( 1 9 5 4) .

30. I1 . J . Kur i o, ILEI - . l’cans , on Electron Dev ., ED1I , 8 ( 1 9 6 4 ) .

137

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _


