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damage constant for electron irradiation varied between 3.1 and 7 4x1c1
20

V.sec/e. The mobility damage Constant measured for neutron and gamma
irradiation was 6.9 x 10 20 V~sec/n and 3.2 x 

10-13 V.sec,r~ j(Sj) The

electron and gamma irradiation produced a larger increase in conductivity
compared to the neutron irradiation as a result of a small neutron
produced carrier introduction rate and a larger mobility damage.

During electron irradiation, the carrier lifetime remained essential-
ly constant until the carrier density exceeded ‘.6 x 101+ cnr3, after
which the lifetime decreased approximately as 1/n2 (Auger recombination).
At lower carrier density the lifetime appears to be controlled by
Shockley-Read recombination. The lO°i( Shockley-Read recombination center
introduction rate for 5 MeV electrons was not sufficiently large to
appreciably alter the lifetime. The 10°K neutron irradiation however
decreased the lifetime, presumably as the result of a larger Shockley-
Read introduction rate. A gamma dose of 1 x 106 rad(Si) produced no
measurable decrease in carrier lifetime.

Spectral response measurements indicate a 14.7 to 13.3 pm decrease in
the l0°K cutoff wavelength during the electron irradiation which increas-
ed the carrier density from 9 x 1013 to ‘ .~~~ x iO~ cm-3. The change in
cutoff wavelength is believed to be associated with the relatively large
increase in carrier density (Burstein Shift). The gamma and neutron
irradiations, which resulted in a smaller increase in carrier density,
produced no measurable change in cutoff wavelength.

Isochronal anneal to 340°K resulted in a nearly complete recovery of
carrier density, mobility, conductivity, spectral response, and carrier
lifetime. The recovery of damage produced by the neutron irradiation was
less complete.

Damage constants derived from the measured radiation damage were
applied to predict response degradation in HgCdTe detectors.

I..

k

1.:
ImIrT.ASSTPTPn

SECURITY CLASSIFICATION OF THIS PAOE’*7’.n Dais Fnl.r.d)

d

- ~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-. —

CONTENTS

1. INTRODUCTION  1
2. SUMMARY  3
3. EXPERIMENTAL PROCEDURE 6

3.1 Sampl e Preparation 6
3.2 Sample Contacts 6
3.3 Cryostat 8
3.4 Electri cal Measurements 10

• 3.5 Optical Measurements 10
3.6 Irradiation Procedure 12

4. RESULTS OF 5-MeV ELECTRON IRRADIATION OF SAMPLE 11-4 14

4.1 Steady—State Photoconductivity 29
4.2 PIx~tovo2taic, Photornagnetoelectric ,

and Magnetic Ef f e c t s 40
4.3 Carrier Addition 43
4.4 Lifetimes 48

5. GAMMA AND NEUTRON OF SAMPLE I-i AT 10°K 56
5.1 Gamma Irrada tion at lO °K 64
5.2 10°K Neutron Irradi a tion 82

06. DAMAGE CONSTANTS FOR 10 IC ELECTRON, GAMMA, AND
NEUTRON IRRADIATION 100

6.1 Carrier Introduction Rates 100
6.2 Radiation-Induced Conductivity Changes 101
6.3 Mobility Damage 101
6.4 Lifetime Damage 102
6.5 Prediction of Photoconductive Detector

Radiation Response 105

7. RESULTS OF SAMPLE SCREENING 111

8. COMPARISON OF THE ELECTRICAL PROPERTIES OF
BULK MATERIAL AND DETECTORS 119

REFERENCES 122

~iccEs$IolI tsr
MIII W~Ite 3sIt1uI ~~~~

“

DDC IIIU 3ScINI D
UNANMUONCES 0
JUSTIFICATIJI 

j j j  III SIRIUU TWII /AUIUII LITV C,CU

s A , ~jL aIs~sr VLIAM.

A

‘4
______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —a~~~~~~~



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

1. I~~R0DUCT I0N

This report presents the results of an experimental and theoretical

investigation of the effects of radiation on the optica l and electrical

properties of the alloy semiconductor HgCdTe. The objective is to obtain

sufficient radiation effects data on detector grade material to enable

prediction of the radiation response of detectors fabricated from HgCdTe.

This report describes work performed during the period June 26, l975~~~’

to June 26, 1976, and is an extension of work reported in Refs. 1, 2,3, 4, \
and 8. The previous studies used n-type Hg0 8Cd0 2Te with an extrinsic
electron density of about l.S x iolS cm 3. The material used in this

study had an extrinsic electron density of about 1 x 10 cm and is

considered to be more representative of current state-of-the-art detector

grade material .
The results obtained from measurement s on HgCdTe (e.g.,  carrier life-

time and photoresponse) are influenced by the experimental conditions.
Therefore, Section 3 describes the experimental procedures and conditions
in detail to allow comparison and correlation of this data with that of

other investigations.

Sections 4 and 5 discuss the results of a 9.5°K, 5-44eV electron

irradiation (~ = 7 x io~ c/cm2) and isochronal anneal to 340°K. The
sample used for this irradiation had an initial carrier density and

mobility of ‘~‘i x io
14 c/cm3 and 1.6 x 10~ cm2/V sec.

In Section 5, the results of lO°K gamma and neutron irradiation are
presented. The gamma exposure was 1 x io6 rad(Si). After isochronal

anneal to 340°K the same sample was then neutron irradiated to a fluence
~~ -

•~~ of 1.2 x 1013 n/cm2 
> 10 keV. The initial carrier density and mobility

for this sample w~s ~l x io14 c/cm 3 and 3 x l0~ cm2/V sec.

0.
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In Section 6, the damage constants measured during the various

irradiat ions are compiled and a method is developed for applying the

damage constants to estimate degradation of photoconductive response.

During the course of the program, 9 samples were fabricated and

screened for radiation effects studies. En general, observation of

a small low temperature mobility (p << 10~ cm2/V•sec) was the reason

for rejection of samples not chosen for irradiation. A fairly complete

set of data for two of the samples in this category is given in Section 7.

Section 8 compares the electrical conductivity temperature dependence

of two commercial HgCdTe detectors with sample 1-1 which was neutron and

gamma irradiation. The comparison indicated that the carrier density

and mobility of the detectors was probably within a factor of two of

the carrier density and mobility of bulk sample 1-1.

2
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2. SIM4ARY

Radiation effect studies were performed at lO°K on samples of bulk
n-type Hg0 Cd0 2Te. The samples had preirradiation carrier densities

of “.1 x 101 cm 3 and mobility greater than 1 x 1O~ cm2/V-sec. Sample

11-4 was irradiated with 5-MeV electrons to a fluence of 7.2 x

c/cm2. A second sample, I-i , was gamma irradiated to a total dose of

1 x io6 rad(Si), isochronal annealed to 340°K, and then irradiated with
a fission neutron fluence of 1.3 x ~~~~~~ n/cm2 

> 10 keV. The rad iation
effects studies concentrated on material parameters that are import ant
to detector operation such as carrier density, mobility, conductivity,

carrier lifetime and cutoff wavelength.

The significant radiation effects observed during the irradiations

are given below.

10°K Electron Irradiation, $ = 7.2 x ~~~ c/cm2 ~ MeV~
1. The increase in carrier density with fluence was slightly

nonlinear. The carrier introduction rate increased from

10 cm~~ during the initial part of the irradiation to

14 cm ’ at the end of the irradiation.

2. The Hall mobility decreased initially with a mobility

damage constant of 7.4 x l0
_20

. This damage constant

decreased to 3.1 x io 20 V-sec/e towards the end of the

irradiation. •

3. The increase in carrier density was greater than the

decrease in mobility, resulting in a net factor of 5.9

increase in electrical conductivity.
a 4. The steady-state photoconductivity at 6.3°K exhibited a

carrier density dependence of 1/n at lower carrier density
(n < 6 x io14 cm 3) and ‘l /n2 for carrier densities
>6 x 1014 cm 3 The 9 5°K signal exhibited approximately

a
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the same dependence for carrier densities >3 x io14 cm 3.

The carrier lifetime determined from the steady-state

photoconductivity and photoconductive decay indicates
that the carrier lifet ime at 6.3°K was relatively
independent of carrier density for n < 6 x 1014 cm 3 and

decreased approximately as 1/n2 for n >7 x 1014 cm 3. At

the lower carrier densities, it appears that the lifetime

was controlled by Shockley-Read recombination which

dominates until the carrier density becomes large enough

for recombinat ion by the Auger process (r ~ 1/n
2) to

become important.

5. Spectral response measurements indicated that the l0°K

cutoff wavelength decreased from 14.7 to 13.3 pm during

irradiation. Recovery to near the preirradiation value

occurred during anneal to 330°K.

6. After irradiation, the photoconductive response to pulsed

injection was prompt and appeared to have only a single

decay time constant. After the 100°K anneal, the longest

decay time constant observed was ~4 psec, compared to about

700 psec before irradiation.

Isochronal anneal to 300°K after irradiation resulted in substantial

recovery of the above parameters.

lO °K Gamma Irradiation
Sample I-i was gamma irradiated at l0 °K using bremsstrahlung produced

by a 5-MeV electron beam and a tantalum converter. The total dose during

the irradiation was 1 x 106 rad(Si). -

The gamma irradiation produced an increase in carrier density with

an introduction rate of 2.5 x ~~ e/cm3/rad(Si). The carrier introduction,
1. coupled with a small decrease in mobility resulted in an increase in

* 
. conductivity. The carrier lifetime determined from the decay of excess •

conductivity prcduced by a GaAs LED was unchanged by the gamma dose of

1 x 106 rad(Si). Isochronal anneal to 340°K resulted in a nearly complete

recovery of the above parameters, with the majority of the recovery

occurring below lOO°K.

-
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lO°K Neutron Irradiation, $ = 1.2 x ~~~ n/cm
2 

~ 10 keV

The lO°K neutron irradiation increased the carrier density with an
introduction rate of 2.5 e/cm3 per n/cm2, which is about a factor of five
less than for 5 MeV electrons. The mobility damage per carrier introduced

was about a factor of 3 larger for the neutron irradiation, than for the

5 MeV electron irradiation.

The neutron irradiation caused a decrease in carrier lifetime

presumably as the result of an increase in the number of Shockley-Read

recombination centers. A calculated lifetime damage constant K = ~~

of 9 x lO 9cm2/n.sec was obtained from the decreased lifetime. The

neutron damage, unlike electron and gamma damage, exhibited only a partial

recovery during anneal to 340°K.

Damage constants derived from radiation effects data gave a reasonable

fit when used to estimate photoresponse degradation in the bulk samples.

Radiation effects data for actual HgCdTe detectors is not presently avail-

able for comparison. The temperature dependence of the electrical con-

ductivity of two high performance HgCdTe detectors agreed reasonably well

with similar data obtained from the bulk material used in these studies.
- 

- ThiS agreement supports a conclusion that the bulk material studied is
probably representative of material used in detector fabrication.

A logical next step in radiation effects in HgCdTe would be the

irradiation of actual detectors to verify the applicability of damage

parameters obtained from bulk material studies. Also, there is some

indication that irradiation may partially eliminate the undesirable low

frequency response observed in photoconductive HgCdTe detectors at low

background. This comment is prompted by the disappearance of the longer

time constant during the 9.5°K electron irradiation of Sample 11-4. The

— 
- longer time constant recovered during subsequent isochronal anneal to

340°K; however, the recovery was not complete.

I.-
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3. EXPERIMENTAL PROCEDURE

3.1 SAMPLE PREPARATION

Sample 11-4 as received was 12 mm long, 3 mm wide , and 0.56 mm thick .
• The length and width of the sample were not altered. The thickness of the

sample was decreased to 0.228 mm , as described below. The sample was

mounted to the solid brass cylinder of the lapping fixture shown in Figure

3-1 with phenyl salicylate, which liquefies slightly above room tempera-

ture. During the lap, the only pressure exerted on the sample resulted

from the weight of the solid brass cylinder, which is a slip-fit in the

outer cylinder. The sample was first lapped with 3-pm , followed by 0.3-

~m, A&203, which decreased the thickness to 0.258 mm . The sample was then
etched in methanol-20 percent bromine to a final thickness of 0.228 mm.

- 

- 

Etching is performed in a plastic beaker with small holes which fits

into a larger beaker containing the etch solution. During the etch, the

beaker containing the sample is raised and lowered continuously to pre-

vent the sample from resting on the beaker surface. Preferential etching

has been observed when the sample is allowed to rest on the bottom of the
beaker. After the etch, the sample is rinsed and stored in methanol until

contact application.

• - 3.2 SAMPLE CONTACTS

After etching, fi ve indium-soldered contacts were applied to sample
11-4 for measurement of electrical conductivity, Hall mobility, carrier . 

-

density, and optical properties. A small piece of indium is placed on

the sample at the desired contact location. The indium is then fused to

the sample by bringing the tip of a hot wire attached to a soldering iron
tip into contact with the indium. It is not generally necessary for the

hot wire to touch the sample during contact application. Contacts made

by this t~chnique are quite small (‘~0.2-mm-dia.) and require minimal

sample heating. Positions of the contacts on sample 11-4 are shown in

Figure 3-2.
6 
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Figure 3-1. Fixture used to lap samples
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3.3 CRYOSTAT

The sample was mounted in a modified Air Products Cryotip, model

LT-3-llo. The important features of the cryostat are shown in Figure

3-3.

The major design considerations were:

1. To provide thin cryostat entrance windows necessary for
— 5-MeV electron irradiations, and

2. To provide the capability of performing low-temperature

electrical measurements and optical measurements (which

require an external light source) while maintaining the

sample at a controlled reduced background.
This was accomplished by placing the sample 3 inches from the optical

aperture in the cold radiation shield . The background level was then

controlled by choice of the aperture diameter. The sample was attached

to the anodized aluminum sample mount by electrically isolated spring

clips epoxied through the mount . Thermal-conducting epoxy (Emerson ~
Cuming Stycast, 2850 FT) was used to enhance thermal contact . The spring
clips were pre-tinned with indium, and the clip at one end of the sample

• was soldered to the current contact. The spring clip at the opposite

• sample end made pressure contact only with the indium-soldered current

lead to allow for differences in thermal expansion of HgCdTe and the

aluminum sample mount . The sample mount attaches to the coldfinger (Fig-

ure 3-3), placing the sample in the cavity of the coldfinger. The only

optical opening in the cavity is via the slot in the sample mount, which

is completely covered by the sample. The relationship between the slot

• 
• size and the sample size is shown in Figure 3-2.

• The coldfinger and radiation shield rotate with respect to the outer

vacuum shroud. The orientation shown in Figure 3-3 was used during the

5-MeV electron irradiation, placing the large face of the sample toward

the electron beam. Thin windows, as shown in Figure 3-3, were used in

the coldfinger, radiation shield , and vacuum shroud to minimize attenua-

tion and scatter of the electron beam. For Hall measurements, the sample

was rotated 90°, placing the sample at 45° with respect to the magnetic

field .

8
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3.4 ELECTRICA L MEASUREMENTS

Conductivity and Hall measurements were made by the standard four-
probe method uti l izing the circuit shown in Figure 3-4. Current to the
sample from the 90-volt battery supply was limited by selectable resis-
tors ranging from 5 x l0~ to 1 x 10

6 ohms , which are large compared to
the sample resistance. A switching arrangement placed the sample in the 

- 
-

alternate configurations shown in Figure 3-4 for conductivity, photocon-
ductivity, and Hall measurements. The S0-k~ balancing potentiometer used

for Hall measurements is large compared to the sample resistance to avoid

loading of the voltage probes.

3.5 OPTICAL MEASUREMENTS

3.5.1 Steady-State Photoconductivi~y~

Steady-state photoconductivity measurements were made using a chopped
1000°K blackbody source. All measurements were made at 5.2 Hz unless noted .
The 0.375-inch-diameter exit aperture of the blackbody source was located

approximately 6 inches from the KRS-5 optical window (Figure 3-3) in the

cryostat vacuum shroud . The photoconductivity signal was measured with a
• 

- PAR 113 preamplifier and a PAR 121 phase-lock amplifier.

3.5.2 Spectral Response

Spectral response measurements were made from 5 pin to cutoff (~l5.5

pm) with a Spex grating monochromator. Measurements were made at 5.2 Hz

using the same instrumentation as for steady-state photoconductivity.

• 
- 3.5.3 Transient Decay Lifetime

A GaAs light-emitting diode (LED; TI XL-35) mounted in the cold radia-

tion shield (Figure 3-3) was used as the pulsed-injection source for life-

time measurements by the photoconductive decay method. Data was recorded

by photographing the traces of a dual-beam oscilloscope using different

- . 
- gains and sweep rates to resolve the fast and slow lifetime components.

10
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-• 3.6 iRRADiATION PROCEDURE

3.6.1 Electron Irradiation

Electron irradiat ions are performed using 5-psec-wide , 5-MeV electron

pulses from the IRT Linac . The Linac was manually pulsed at about 1 pulse

every 2 sec to avoid appreciable sample temperature rise during irradiation .

Each Linac pulse is actively monitored by an external secondary-emission

monitor (SEM). The output of the SEM is integrated and measured by a

peak detector to provide a measure of the beam current during each Linac

pulse. The correlation between this beam-current measurement and the flu-

ence at the sample is established with the use of a secondary standard

(thermistor) which is calibrated against a Faraday cup and the temperature

rise in a thin copper block.

The thermistor is mounted in a styrofoam block for thermal isolation

and forms one leg of a balanced Wheatstone bridge circuit. When the Linac

is pulsed , the dose absorbed in the thermistor material results in a

decrease in thermistor resistance, and the corresponding unbalance voltage

of the bridge provides a measure of the dose absorbed at the sample posi-

tion. Foils, to simulate the entrance windows of the cryostat, were placed

between the electron beam and the calibration thermistor during calibration

for the irradiation of sample 11-4. The effect of the foils was to reduce

the electron beam by about 5% at the sample position due to scattering.

3.6.2 Gamma Irradiations

Gamma irradiat ions were performed with bremsstrahlung produced by a

S-MeV electron beam and a 40-mu tantalum converter. The tantalum converter

was backed with 0.250-inch aluminum to insure that none of the primary

electron beam reached the sample. Electron pulses with an average current

of ‘~..3OO mA and 6 psec in width resulted in a gamma dose of about 0.44

rad (Si)/pulse at the sample location. A pulse rate of 180 pps was used
- • during the irradiation with no appreciable sample heating. Cobalt glass

dosimeters were used to measure the gamma dose.

A- - -
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3.6.3 Neutron Irradiations

Neutrons with approximately a fission spectrum were produced by

y-n reactions resulting from a 55-MeV electron beam and a thick Fansteel

(tungsten) target. The sample was positioned at the side of the target,

— 
- 90° with respect to the electron beam to reduce the gamma dose. The

gamma dose was further reduced by a 4-inch thick depleted uranium
shield between the target and sample. This arrangement resulted in
approximately 1.25 x l0~ n/cm2 > 10 key for each pulse. A gamma dose

of 5.2 x io
_2 

rad(Si)/pulse was measured using cobalt glass dosimeters.
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4. RESULTS OF ELECTRON IRRADIATION

Sample 11-4 was irradiated at l0°K to a 5-MeV electron fluence of
7J x 1013 e/ cm2 . The sample was obtained from Texas Instruments , Inc .
Sample 11-4 was n-type with an “x” value of 0.2 ±0.3 mole percent, and

was grown by the solid-state recrystallization method .

Preirradiat ion measurements included temperature dependence of the

carrier density , Hall mobility, electrical conductivity , steady-state

photoconductivity, and photoconductive decay lifetime. These parameters,

with the exception of photoconductive decay lifetime , were monitored per-

iodically during the electron irradiation. Spectral dependence of the

photoconductivity was measured at lO°K before irradiation, after irradia-

tion, and after various isochronal anneals to 330°K.
Before irradiation, several diagnostic measurements were made to

determine appropriate sample bias levels and the chopping frequency for
steady-state photoconductivity measurements. Figure 4-1 shows the fre-
quency dependence of the steady-state photoconductivity signal (PC) at

- 
- 

several temperatures. Due to the observed decrease in the PC signal
• with frequency, the PC temperature dependence measurements and the spec-

tral response measurements were made at 5.2 Hz unless noted. Figure 4-2

shows the bias dependence of the steady-state photoconductivity, Hall

mobility, and electrical conductivity. At biases less than 0.1 V/cm,

the conductivity and mobility were independen t of bias and the PC signal
(LV) was approximately linear with bias ; therefore , all measurements were
made with the electric field equal to or less than 0.1 V/cm.

An optical input aperture (Figure 3-3) of 0.020 inch diameter was

used for initial preirradiation measurements; however, with this config-

uration only marginal spectral response measurements were obtained. The

input aperture was, therefore, enlarged to 0.1-inch-diameter . Enlarge-

ment of the aperture, which increased the background from 1.5 x 1013 to
3.6 x 1014 photons/cm2-sec, had no effec t on the sample res istance at

• low temperature, as shown in Figure 4-3.

14
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The tempera ture dependence of the carr ier dens ity , Hall mobility ,

and electrical conductivity before i rradiation and during cooldown after

various postirradiation isochronal ~inneals is shown in Figure 4-4, 4-5,

and 4-6. The inset in Fi gure 4-4 is the carrier density temperature

dependence af ter the 330°K anneal on an enlarged scale to show the small
abrupt change in carrier densi ty at about 9°K. The preirradiation car-

rier density exhibited this same behavior , hut to a somewhat lesser . 
-

•

degree . Analy sis of the mobility data shown in Figure 4-5 indicated a

chan ge in mobil it y tempera ture dependence at about the same temperature .
Below 7.5 °K, the mobility was proportional to iO.20, whereas between 9.5
and 19°K it varied as T039 , with a transition region between 7.5 and

9.5°K. Above 25°K, the lattice component of the mobility begins to

dominate.
Figures 4-7 through 4-10 show the fluence dependence of the carrier

densi ty , Hall mobil ity , conductivity , and steady-state photoconductivity
during the 9.5 °K S-MeV electron irradiation .

The irradiation produced an inci ”ase in carrier density with a car-

rier introduction rate (/~n/ M )  which increased from 10 to 14.1 cm~~ dur-
ing the irradiation as the carrier density approached 1 x 1015 cm 3. The

-

• Hall mobili ty fluence dependence is g iven in Fi gure 4-8. The mobility dam-

age constant constant (Figure 4-8) decreased from 7.4 x i0
20 

V-sec/e during
-20the early part of the irradiat ion to 3.1 x 10 V-sec/e after a fluence

13 2 -

of about 3.5 x 10 e/cm
The electrical conductivity (Figure 4-9) shows an almost linear

increase w ith fl uence as a resul t of the increas ing carr ier dens ity and
decreasing mobility.

The steady-state photoconductivity shown in Figure 4-10 initially

decreased , then increased until after a fluence of about 2 x iol3 e/cm2
,

then decreased for larger fluences. As will be seen later in the iso-

chronal anneal data, this behavior in photoconductivity with damage was

observed only at 9.5°K; the photoconductivity signal at 6.3°K does not

exhibit multiple values with damage.

4 • Isochronal annea l of the carrier density, Hall mobility, electrical

conductivity, and steady-state photoconductivity is presented in Figures

11 : 
4-li through 4-14. The anneals were of 10-mm duration , with measurements
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Figure 4-4. Temperature dependence of carrier density before
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made at 9.5°K after anneals at the temperatures indicated by the data

points. The carrier density (Figure 4-11) recovered to approximately the

preirradiation value , with the major annealing stage centered at about

65°K. The mobility recovered during anneal (Figure 4-12) and overshot

the preirradiation mobility after the l50°K anneal. The mobility then

decreased after the 250°K anneal and approached the preirradiation mobility

after the 330°K anneal. Similar anneal of carrier density and mobility

was previously observed for higher-carrier-density n-type samples whose

preirradiation carrier density was about 1.5 x 1015cm 3 (Ref. 3). Recovery

of the electrical conductivity, shown in Figure 4-13, reflects the recovery

of the mobility and carrier density during anneal.

During irradiation, the steady-state photoconductivity was monitored

only at the irradiation temperature of 9.5°K. During anneal, however, the

temperature was decreased to 6.3°K to monitor the recovery of the steady-

state photoconductivity at the lower temperature also. The recovery of

the steady-state photoconductivity at these temperatures is shown in Fig-

ure 4-14. For anneal temperatures below lOO°K (n > 3 x 1014 cm 3), the

two signals are nearly equal. For anneal temperatures above lO0°K (n <

3 x 10~~ cm~
3), the 6.3°K signal continues to increase and approach the

preirradiation value and the 9.5°K signal retraces the carrier density

dependence observed during the irradiation (see Figure 4-23).

4.1 STEADY-STATE PHOTOCONDIJCTIVITY

4.1.1 Temperature Dependence

The temperature dependence of the steady-state photoconductivity before

irradiation and during cooldown after several isochronal anneals after

irradiation is shown in Figure 4-15. As can be seen in the figure, the

steady-state photoconductivity signal before irradiation falls in a valley

: at the irradiation temperature . The effect of the irradiation was to move
the peak that precedes this valley and also the valley to higher tempera-

ture , as shown by the curves taken after the 200, 250, and 300°K isochronal
anneals. As the valley moves to higher temperatures (to the left in Fig-

ure 4-15) with irradiation and increased carrier density, the effect is
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to first decrease the 9.5°K steady-state PC signal; this decrease is then

followed by an increase (positive slope region between l000/T = 110 and

12) until the 9.5 and 6.3°K PC signals become comparable , after which

both signals exhibit roughly the same damage dependence (Figure 4-14 for

anneals < l00°K). We feel that the PC signal at 9.5°K was influenced

by a Fermi level shift with respect to a defect level , which can occur

with changes either in carrier density or in temperature. The increasing

electron density during the irradiation raises the Fermi level in this

n-type material , as does lowering the temperature, at least in non-

degenerate material. As the Fermi level is raised by increasing carrier

density during irradiation , the 9.5 °K steady-state photoconductivity becomes
similar to the lower-temperature behavior. The temperature and the initial

radiat ion damage dependence of the steady-state photoconductivity at
9.5°K is probably unique to this sample in that the carrier density of this

sample placed the Fermi level near an important defect level at 9.5°K.
As discussed later , the PC signal at lower t emperature , where this defect
level was less active, appears controlled by Auger and Shockley-Read combina-
tion . The radiation damage results obtained at lower temperature during
isochronal anneal would , therefore , not be unique to this sample and should
apply to other samples as well .

4.1.2 Frequency Dependence

The frequency dependence of the steady-state photoconductivity was

measured between 5.2 and 200 Hz before irradiation, after irradiation, and

after various isochronal anneals. These results are shown in Figure 4-16.

F Before irradiation, the 9.5°K steady-state PC signal ‘decreased *~,5Q%

between 5.2 and 200 FEz . Photoconductive decay measurements indicated at
-6 -3least two decay time constants of about 1.4 x 10 and 0.7 x 10 sec.

A time constant of 0.57 x sec is obtained from Figure 4-16 (pre-

irradiation) assuming t = (2~f)
1, where f is the frequency at which the

signal has decreased to 50% of its low-frequency value. Similar analysis

of the post-330°K anneal data of Figure 4~l6 yields a value of 0.4 x l0~~
sec for the longer time constant .
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After irradiation, no frequency dependence of the photoconductivity

was observed between 5.2 and 200 Hz until after the 250°K anneal . The

absence of the longer time constant after irradiation is also indicated

in the response of the sample to a pulsed GaAs LED. This is shown in

Figure 4-17, which shows photographs of the response after various iso-

chronal anneals. After the l00°K anneal, the longest time constant

observable from photoconductive decay (Figure 4-17) was 4 usec. The

last two photographs in Figure 4-17 compare the 9.5 and 6.3°K responses

after the 330°K anneal. It is tempting to attribute the increase in

photoconductivity that occurs between 9.5 and 6.3°K to the onset of

trapping; however, comparison of the 9.5 and 6.3°K PC decay photographs

snows that the increase results from an increase in the shorter or prompt

lifetime component rather than the longer component. This observation is

supported by measurements of the frequency dependence of the steady-state

photoconducti~rity. Table 4-1 compares the ratio of low-frequency response~
(5.2 Hz) to high-frequency response (200 Hz) at 9.5 and 6.3°K before irra-
diation and after several isochronal anneals. This ratio is always larger

at 9.5 °K than at 6.3’K, which indicates that the lower-temperature response
is controlled more strongly by the shorter decay time constant. That is,

the 9.5°X signal contains a larger percentage of a longer time constant,

which then rolls off at higher frequency, than does the 6.3°K signal. A

PC signal which has only a prompt component (i.e., r<l/2nf, fof f = 5.2 Hz)
would exhibit a flat response over this frequency range.

4.1.3 Spectral Response

• 
• The lO°K ’photoconductivity spectral response was measured before

irradiation; after irradiation, and during isochronal anneal to determine

if the irradiation produced a bandgap shift or change in cutoff wavelength .
The resu lts of these measurements are shown in Figure 4-18. In the figure,

the PC signal (AV/V) is normalized to photon flux; i.e., the energy output
of the monochromator is divided by wavelength. If the cutoff wavelength

is defined as the wavelength at which the peak response decreases by a

factor of two, the preirradiation cutoff is 14.7 ~im and is nearly the same

after irradiation and isochronal anneal to 330°K. After irradiation and

during anneal, the spectral response measurements did not extend to short
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Table 4-1

RATIO OF LOW-FREQUENCY (5.2 Hz) TO HIGH-FREQUENCY (200 Hz)
STEADY-STATE PHOTOCONDUCTIVITY AT 9.5 AND 6.3°K
BEFORE IRRADIAT ION AND DURING ISOCHRONAL ANNEAL

5.2 HzRatio 200 Hz

- Condition 9.5°K 6.3°K

- Preirradiation 1.9 1.31

Postirradiation 1 1

200°K anneal 1 1

225°K anneal 1 1

250°K a-neal 1.11 1.06

275 ° K anneal 1.20 1.07

300°K anneal 1.38 1.03
• 330°K anneal 1.64 1.10

4-

4 -
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Figure 4-18. Photoconductivity spectral response before
- irradiation and after various isochronal anneals;

PC signal (AV IV) normalized to photon flux
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enough wavelengths to observe a peak in the response. An estimate of

about 50 for the peak value of response after irradiation prior to any

anneal results in a cutoff wavelength of 13.3 wn. The cutoff wavelength

recovers to approximately its preirradiation value after anneal to 30°K.

4.2 PHOTOVOLTAIC, PHOTOMAGNETOELECTRIC , AND MAGNETIC EFFECT S

During the course of the experiments , a magnetic field was applied
during photoconductivity measurements to determine if a trap or recombina- =

tion center polarization effect could be observed. If such an effect

exists, it was obscured by other magnetic effects such as magnetoresis-

tance and presumably the photomagnetoelectric effect (PME). The effect

of a magnetic field on photoconductive spectral response is shown in

Figure 4-19. In the figure, the relative response (AV) normalized to

= photon flux is shown versus wavelength for the condition of (1) zero bias

and zero magnetic field, (2) 1.5-mA bias current and zero magnetic field,
• - 

which is the normal response curve, (3) zero bias and a magnetic field of

2900 gauss, and (4) 1.5-mA bias current and 2900-gauss magnetic field .

The geometry important to these measurements is shown in Figure 4-20,

and in Figure 3-2 which shows the illuminated area of the sample.
— 

The lower curve of Figure 4-19 is a photovoltaic signal that may be
attributed to the Dember effect which results from strongly absorbed light

incident on a semiconductor having different electron and hole mobilities.

This signal shows a cutoff beyond “~l0.5 iim as the light becomes more

penetrating. If in addition a magnetic field is applied , a Hall effect

• 
(PME) is produced from the interaction of diffusion current and magnetic

field . This effect also disappears when the incident light becomes

penetrating, as shown in Figure 4-19 (0 data points).

The upper curve of Figure 4-19 was taken with bias and magnetic field,

and includes both the PME effect and the effect of magnetoresistance. For

a given bias current, the magnetic field increases the sample resistance
4- which increases the bias voltage V and also the PC signal (AV) propor-

ti onally At 5 ~im , where the PME contribution is large, the signal with

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ ~~ ~~~:



F ~~~~~~~~~ 
-• •- —---- —•-—-—.•— =--•-= —-=-- ——•-—- —

— —•- --——-—- - —----— —---- ____

BIAS MAGNETIC FIELD
0.1 (mA )

0 0 2900
- 

0 1.5 0 
-

0 0  0

4. -

0.01 1 I I I
5 6 8 10 12 14 16 18

RT—13126 A (im)

Figure 4-19. Photoconductivity spectral response with magnetic
field; PC signal (AV) normalized to photon flux
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bias and magnetic field is a factor of 10 greater than for the same bias

only. At longer wavelength (14 ~im) , where the PME signal vanishes, the
ratio of signals is ‘~4, which is about the value expected due to the

magnetoresistance, Ap/p (Figure 4-21) for a normal magnetic field of

2900 gauss.

The temperature dependence of the effect referred to as PME is shown

in Figure 4-22. This figure also shows, for comparison , the temperature
dependence of the normal photoconductivity signal for a 1000°K blackbody

before the sample was irradiated and after the 330°K anneal. This figure

is included primarily to show the rather sharp cutoff in the PME signal

that occurs at “‘°K before irradiation and about 12°K after irradiation
and anneal. The reason for the cutoff is not known; however, the cutoff
appears to be correlated with the peak and valley in the normal PC signal

and the small abrupt change in carrier density. Bube (Ref. 5) states that

the PME effect vanishes when one carrier mobility is effectively zero.

Since this is normally the case for HgCdTe as the mobility ratio is large,

it is difficult to attribute the cutoff to the onset of a carrier (hole)

becoming immobilized by trapping at the lower temperature. In Figure 4-22,

the PME signal is given as AV (volts), while the PC signal is the ratio

AVIV0.

4.3 CARR I ER ADDITION

The curve of carrier density versus fluence in Figure 4-7 shows an

increasing rate of electron addition with increasing fluence (or density).

- - - 
At the frighest fluence, the introduction rate approaches the constant rate

measured at this temperature for high-density samples (Ref. 3). In Ref-

erence 3, an even more pronounced nonlinear electron introduction curve
obtained at 80°K was explained using a defect model which included a donor

level high in the conduction band and an acceptor level close to the valence

band. The nonlinear electron introduction rate resulted from the inter-

action of the lower tail of the Fermi-Dirac distribution with the acceptor

level. For low electron densities, the Fermi level was relatively close

to the acceptor level, and their interaction caused the net rate of increase
=1 

- 

-

•
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of electrons in the conduction band to be less than the linear rate of

creation of new donors by the radiation . However , as the electron density
increased with the radiation, the Fermi level moved farther from the

acceptor level. Eventually, at sufficiently large densities, the interac-

-
• 

tion with the acceptor level became negligible and the electron introduction

rate was constant thereafter. The existence of such an acceptor level close

to the valence -band edge was later confirmed by the freeze-out of holes at

low temperature in p-type HgCdTe.

Since the density versus fluence curve in Figure 4-7 is qualitatively

similar to the above data from Reference 3, it is tempting to try to explain

the present results with the same model. However, since kT in only about

0.0008 -eV at 9.5°K, where the carrier densities were measured, it appears

unlikely that the tail of the Fermi function at 9.5°K would have enough

influence on the acceptor level to cause the amount of observed nonlinearity
in FigLire 4-7 unless the bandgap became extremely narrow at this temperature.

donsequently, to explain the present data, we are tentatively proposing

a slight modification of the previous model . This modification consists of

assumiiig two defect levels in the conduction band instead of the previously

assumed one. The upper of these two levels is definitely a donor, is quite

high in the conduction band, and probably has the higher density. Since

this level is so high above the Fermi level , it is always fully ionized.

The other level is also in the conduction band , but it is much closer to

the conduction band edge. From the present information, it is not possible

to say whether this lower level is a donor or an acceptor, but for the

present , we will assume it is a donor. -

With the addition of this new level , the explanation for the non-
F linear electron density versus fluence curve in Figure 4-7 is exactly

- 

- equivalent to the previous explanation except that now the tail of the

Fermi function interacts with this level instead of with the acceptor

near the valence band edge to produce the nonlinearity. The sole basis

* for introducing this level is to provide a level sufficiently close to

the Fermi level to produce enough interaction to cause the magnitude of =
• the observed effect. = 

_ j  
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The addition of this new level is not in conflict with the previous
analyses for the 80°K data (Ref. 3). First, for a sizable part of the

density range in Reference 3, the Fermi level is well below this new
level, so it would be fully ionized and its presence would not be seen.

Also, the gradual curvature of the curve in Figure 4-7 probably means

that this new level has a relatively low density. Thus, its effect could

well have been overshadowed in the 80°K data by the nonlinear effect of

the higher-density acceptor level.

Possible additional evidence for this level is provided by the pre-

irradiation curve of electron density versus temperature in Figure 4-4.

Starting from the lowest temperature, the electron density before irradia-

tion first decreases slightly with increasing temperature and then increases.

This final increase is due to the intrinsic carrier density at high tempera-

tures. However, the initial decrease could be due to this new level. If

the Fermi level at the lowest temperature on the preirradiation curve is

slightly below this defect level , the level will be almost fully ionized
at that temperature. However, as the temperature increases, the tail of

the Fermi function will become broader and will reach up to the defect

level and convert some of them from (+) to zero [or zero to C-)], thus
causing the density of free electrons to decrease sli ghtly.  A similar

but more pronounced effect was observed in p-type PbSnTe (Ref. 6) and

was explained by a similar model. The fact that the slight decrease in

electron density is not observed in the curves after irradiation and

partial anneal (Figure 4-4) could be because the change in electron

density is small and hard to see at the larger densities, or else the
Fermi level is above the level at these densities so the ‘decrease would

not occur with increasing temperature. = 1
The existence of this level may also help to explain the humps in

the curve of steady-state lifetime (photoconductivity) versus temperature,

as discussed in the next section.
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4.4 LIFETIMES

The complicated trends of the curves of steady-state photoconduc-

tivity (AVIV) with temperature, radiation, and annealing in Figure 4-15

undoubtedly mean that different recombination processes dominate in dif-

ferent temperature and density ranges. The processes usually considered

are Auger and radiative recombination, Shockley-Read recombination through

one or more defect levels , and possibly trapping. Unfortunately, not - 
-

enough is known as yet about the defect and trap levels in HgCdTe and
the various-parameters in the formulas for Auger and radiative recombi-

nation to give a definite quantitative explanation for all these data.

The most that can be done for the present is to suggest possible expla-

nations for some of the trends.
It is generally accepted that the high-temperature (intrinsic) region

is dominated by Auger recombination because the lifetime goes as 1/n2,

= 
where n is the electron density. The first peak at high temperatures is

usually ascribed to Shockley-Read recombination becoming more important

with decreasing temperature and starting to dominate the Auger recombi-

nation. The fact that this decreasing trend due to Shockley-Read recombina-

• 

1 tion reverses itself and increases at lower temperatures has sometimes been

attributed to minority-carrier trapping (Ref. 7). However, the additional

structure in the present data must mean that still other effects come into

prominence. Also , there is evidence that the lifetimes at the lowest

temperatures (‘u6.3°K) are due to Auger recombination at high carrier

densities.

In Figure 4-23, AVIV at 9.5 and 6.3°K after various annealing tempera-

tures is plotted versus the corresponding electron densities. At low

densities, the photoconductivity response (AVIV) at 6.3°K goes as 1/n , and
14 2for carrier densities >6 x 10 elcm , both the 6.3 and 9.5 K signals

4. exhibit carrier density dependence greater than 1/n. As will be shown

later , the 1/ n dependence at the lower density results from the dependence
of AV/V on carrier density n rather than on a change in carrier lifetime.

During irradiation, the steady-state photoconductivity signal (SSPC)

was measured at the irradiation temperature of 9.5°K. During the isochronal

p -
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versus carrier density during isochronal anneal
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anneal , the SSPC was measured at both 9.5 and 6.3°K, and lifetime measure-

ments by phot oconductive decay were made only at 9 .5 °K. The photoconductive
decay measurements yielded two lifetime components (Figure 4-24) of about

1.5 and 10 psec. Frequency dependence of the SSPC during anneal (Figure

4 -16 and Table 4- 1), however , indicat e an additional longer lifetime on the
order of several hundred microseconds. It is difficult to obtain lifetime

data from the SSPC data at 9.5°K because of the multi-component lifetimes.

The shorter components probably combine as the sum of the inverse lifetimes ;

however , the long component appears to be an additive term which complicates

calculation of an effective lifetime , which is the quantity that controls
L 

the SSPC response.

The amplitude of the SSPC response at the lower temperature, 6.3°K, was —

controlled primarily by a single lifetime on the order of 3 lisec. This can

be seen by comparing the last two photographs of Figure 4-17 (page 37) and

in Table 4-1, which compares the ratio of SSPC at 5.2 and 200 Hz at 6.3 and
9.5 ° K. The absence of mul t i - l i fe t ime components at 6.3 ° K makes calculation

= of an effective lifetime more reliable at this temperature than at 9.5°K.

The SSPC data at 6.3°K shown in Figure 4-14 was used to calculate the effec.-
• 

• 
t ive l ifet ime during isochronal anneal as follows.

- = 

g-re(p + p )

V a  ne.

which reduces to

- 
g-r

V ~~n

since p >> p .  The term g is the generation rate, which is assumed con.-

stant du’-ing the anneal, and is deter.nined from a simultaneous measurement

of AVIV , n , and the decay l ifet ime . Therefore , from subsequent measure-

ments of AVIV and n , the l ifetime T can be determined from

_ AV n

[The assumption ~~at g is constant during anneal is not completely true
-• since a shif t  in cutoff wavelength was observed (Figure 4-18) . However ,

I
estimates indicate that the change in cutoff wavelengths would change the

generation rate by less than 2 0 % . ]
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Figure 4~24. Photoconductive decay lifetime at 9.S°K versus
carrier density during isochronal anneal
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Carrier lifetime at 6.3°K versus carrier density during anneal is

shown in Figure 4-25. The generation rate used for the calculation was

i- tc rm ine d from measurements made after the 250°K anneal (n = 1.4 x 10
L.

cf ;
_ 
)

n 2.8 x lO~~ x 1.4 x 10
14

X = 
6T eff  1.9 x 10

= 2.08 x lO 17 _-P~±~-?~ .

cm -sec

The ef f e c t i v e  l i f e t i m e  of 1.9 x lO 6sec resu l ts from two decay ti me s of

~.5 and 10.4 x 10~~ sec .

The lifetime data obtained from the SSPC data in Figure 4-25 indi c~i t. s

t h a t  the l ifet ime was relatively constant over a substantial change in c:~ r-

i-icr density (2 to 6 x i014 cm 3
) and then decreases with a carrier densit y

dependence of ‘~l/n 2 for n > 7 x io l4 
cm

3. At lower carrier density, it

appears that the lifetime is controlled by Shockley-Read recombination ,

which dominates until the carrier density becomes large enough for reconi-
- . 2 .

bi nation by the Auger (-t 1/n ) process to become important .
The PC signal (AVIV) at the irrad iation temperature of 9.5°K was com-

plicated presumably because the Fermi level for this particular carrier

densit y and tempera ture was near an important recombination or trap leve l

This is evidenced by the humps and valleys in the PC signal (Figure 4-15)

:is th e Fermi level is moved with chang ing temperature , and also durin g the
-:irly I)alt of the irradiation (Figures 4-10 and 4-26), where the Fermi leve l

is rising with increasing carrier density at the constant irradiation tern-

p~-ra ture . After the irradiation progressed to a point ¶,~here the carrier

-lens it y exceeded 2 x io14 cm 3
, the 9.5°K PC signal then exhibited a rel—

ati ~ eIy well behaved damage dependence, as the 6.3°K PC signal throughout

the anneal. This is shown in Figure 4-10, wh ich is the 9.5°K PC fluence
dependence , and also in Figure 4-23, which is a plot of the 9.5 and 6.3°f

PC si gnal s as a func tion of carrier densi ty during the anneal .
rhe above partially answers the question as to whether the results

obtained are unique to this sample. The photoconductivity results at

9.5°K during the early stage of the irradiation are probably unique in

that the preirradiation carrier density placed the Fermi level in the
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proximity of a defect level at this temperature. The 6.3°K photoconduc-
tivity and also the 9.5°K photoconductivity for n > 2 x 1014 cm 3 are

= 

~ • probably not unique to this sample since they exhibit a reasonable car-

rier density dependence. There were no important features in carrier

density, Hall mobility, or conductivity that would indicate that the
results obtained are unique to this sample.

We do not have a definite explanation for the other peaks and valleys

which occur between the intrinsic and the low-temperature regions and

- which shift their positions under irradiation and annealing. A possi-

bility is that different Shockley-Read centers become important, in
restricted temperature ranges as the Fermi level changes and makes the

defects better or poorer recombination centers. This explanation is

qualitatively compatible with the effects of radiation and annealing

= since the electron density and, therefore, the Fermi level are changed
in the process. The acceptor level near the valence band in the original

defect model (Ref. 3) and the level near the conduction band edge that-

was proposed in Section 4.3 are two possible candidates for these recom-

bination levels.
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5. GAI04A AND NEUTRON IRRADIATION OF SAMPLE 1-1 at lO°K

Sample 1-1 was gamma-irradiated at l0°K to a total dose of ~l x io
6

rad(Si). The sample was then isochronal-annealed to 340°K and then
neutron-irradiated at lO°K to a fluence of 1.2 x ~~~ n/cm2 (>10 keV) .
After the neutron irradiation, the sample was again isochronal-annealed

to 340°K . =

Sample Preparation

Sample 1-1 was fabricated from a bar of Hg0 8Cd0 2Te that was original-

ly 2 cm long, 0.283 cm wide, and 0.6 mm thick. The sample was cut to a
0 length of 0.9 cm using a ,lO-mil wire saw and silicon carbide slurry. The

= sample was then lapped with AL203 and etched 20-sec with methanol-5%

bromine to obtain a sample thickness of 0.39 mm. Indium solder contacts

were then applied as described in Section 3.2. Sample dimensions and probe

locations are shown in Figure 5.1. Since the voltage probe spacing was an

appreciable fraction of the total sample length, an additional Hall probe

was added so that Hall measurements could be made at the center of the

sample rather than using the voltage probes and a balancing potentiometer,

as discussed in Section 3.4. Use of the voltage probes and balancing
potentiometer resulted in approximately a 20% error in carrier density and

mobility that was avoided by the use of opposite Hall probes.
Prior to irradiation, sample 1-1 had an extrinsic electron density

(ND - NA) of ‘~l x io
l4 cm 3 and a relatively large low-temperature Hall

mobility of about 3 x l0~ cm
2/V•sec, indicative of a small to moderate

Z compensation. The preirradiation temperature dependence of the carrier =

density, Hall mobility, and electrical conductivity is given in Figures

5.2, 5.3, and 5.4.
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Steady-State Photoconductivity and Carrier Lifetime

The background photon flux Q~ (and also the signal photon flux
for spectral response and steady-state photoconductivity- measurements)

was controlled by the aperture diameter in the cold radiation shield

(see Figure 3.3). An aperture diameter of 0.10 inch was chosen for

measurements during irradiation and anneal, since smaller aperture diam-

-eters gave marginal spectral response signals. This aperture diameter
= resulted in a 300°K background 

~B 
of 3.6 x 1014 photons/cm2.sec. It

should be pointed out that the chopped l000°K blackbody signal photon

f lux, Q5, for this aperture size and the geometry used was ~2.5 x io
l6

photons/cm2.sec, which is considerably larger than the ambient 300°K
background flux. Before irradiation, the carrier lifetime was measured
from the decay of excess carriers produced by a pulsed GaAs LED at
several background levels. The decay lifetimes were measured from about
8 to 25°K and exhibited at least two decay time constants, as shown in

Table 5-1. At the highest background level = 2.5 x 1016), the two
components at lO°K were ‘~.0.24 and 1.23 psec. As the temperature is in-

creased, the two decay times remain nearly constant; however, the rela-
— tive effect of the two components on photoconductive response changes as

shown in the last coluimi of Table 5-1. At 8.2°K, 30% of the total response
results from the shorter lifetime component and 70% results from the longer

component . At 2l.4°K, the shorter component controls ~70% of the response
and results in a smaller photoconductive response even though the magni-

tudes of the decay times are relatively unchanged. A semi-log plot of

the photoconductive decay versus time for these temperatures is given in

Figure 5.5 and illustrates the relative weight of the two decay constants.

The change in the relative weight of the two time constants with temperature

makes it impractical to assign an effective temperature-dependent lifetime

since the effective lifetime is neither the sum of the two components nor

the stun of the reciprocal decay times. At lower background =

= 3.6 x 1014, 4.5 x 1013, <1.5 x 1013), both the short and longer

• lifetime components are increased and the longer component exhibits stronger =

4 -  
‘ temperature dependence (Table 5-1). Also, the increasing dependence of

t
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Table 5-1

PRE IRRAD IAT ION CARRIER LIFETIME AT DIFFERENT BACKGROUN D LEVELS

Percent of total
Temp (°K) Ti (lisec) 12 (ij sec) response due to -r~

Q8 2 . 5 x 1 0 16

8 0.20 1.23 30

8.7 0.20 1.23 35

9.5 0.24 1.23 40

11.1 0.24 1.20 49
13.2 0.16 1.20 50

14.5 0.20 1.20 71

21.4 0.28 1.20 71

Q
~~~ 3 .6xb0 ’4

10 0.3 2.8 28

= 4.5 x

1= 5.9 0.61 7.5 • 52

7.6 0.61 7.5 56

9.3 0.56 6.4 60

10.5 0.52 5.9 64

14.5 0.40 4.6 80

<<1.5 x 1013

5.1 0.78 14.0 38

5.7 0.65 13.0 40 
*

10 ‘4.0 7.6 48 -
4.

0.
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Figure 5-5 . Comparison of photoconductive decay at 8.2
and 2 1.4 °K after a GaAs LED pulsed injection .

- Sample 1-1 , preirradiation
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the response on the shorter component with increasing temperature is

still present.

The temperature dependence of the steady-state photoconductivity

(SSPC) is shown in Figure 5-6 for a 1000°K blackbody source chopped at

22 Hz and a background of 3.6 x 1014 photons/cm2~sec. At this frequency,

the injection pulse width (23 msec) is long compared to the carrier life-

time; therefore, the amplitude of the SSPC signal is controlled by the

effective lifetime. The decrease in the SSPC signal between 1000/T =

100 and 50 is due, at least in part, to the decreasing weight of the

longer 2.8-psec component and the increasing weight of the shorter

(‘~0.3-psec) lifetime component. The shorter lifetime component appears

to be Shockley-Read controlled and its role at the lower temperature is

diminished possibly due to Fermi level position.

5.1 10°K GAMMA IRRADIATION OF SAMPLE I-i

• Sample 1-1 was irradiated at l0°K with bremsstrahlung produced by a

5-MeV electron beam from the IRT Linac and a 40-mil tantalum converter.

The sample was exposed to a total dose of 1 x 106 rad(Si). An electron

pulse width of 6 psec resulted in a gamma dose of 0.44 rad(Si) per pulse

at the sample position. The irradiation was performed at a Linac repeti-

tion rate of 180 pulses/sec with no appreciable sample heating. The

irradiation was stopped periodically for measurements of the electrical

conductivity, carrier density, Hall mobility, and steady-state photo-

• conductivity produced by a l000°K blackbody source chopped at 22 Hz. After

irradiation, the sample was isochronal-annealed (10 m m )  to 340°K, with

measurements of the electrical conductivity, carrier density, Hall mobility,

steady-state photoconductivity, and photoconductive decay lifetime at

lO°K after each anneal. A measurement of the spectral dependence of the

steady-state photoconductivity was made immediately after irradiation.

- • Since no change in bandgap was observed, additional spectral response

measurements were not made during the isochronal anneal.
0. --

~
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Carrier Density

The increase in carrier density was linear with gamma dose (Figure
5-7) with a net electron introduction rate of 2.5 x l0~ e/cm

3.rad(Si).

- 
This value is about a factor of 4 lower than was previously measured for

- a sample with an initial carrier density of 1.4 x 1015 cm 3 (Ref. 3).

li~y

Figure 5-8 shows the Hall mobility and inverse Hall mobility as a
function of gamma dose. The inverse mobility is approximately linear

with gamma dose, which can be interpreted as a linear increase in scatter-
ing centers with dose. The mobility damage constant obtained from the

slope of inverse mobility versus gamma dose is 3.2 x l0~~~ V.sec/cm
2 rad(Si)

compared to ‘4.4 x lO
_13 

V-sec/cm2 rad(Si) observed for the higher-carrier-
. . 15 -3density material (n 1.4 x 10 cm ) (Ref. 3).

Electrical Conductivity

The increase in carrier density and decrease in mobility resulted in

a net increase in the electrical conductivity during the gamma irradiation

as shown in Figure 5-9. A gamma dose of 1 x 106 rad(Si) increased the

conductivity approximately 17%, from 4.5 to 5.25 (ohm-cmY 1
.

Steady- State Photoconduct ivity

The steady-state photoconductivity (SSPC) decreased with gamma dose

as shown in Figure 5-10. The amplitude of the SSPC signal (tN/V) is

proportional to the carrier lifetime and inversely proportional to the

carrier density.

= = 

gTe(p~ + p )  
1)V a neP~

Equation 5.1 reduces to

* ‘ 
= Li. (5.2)

since >> p .  In the above equations 1tn and p~ are the electron and hole
mobilities, g is the carrier generation rate, and T is the carrier lifetime.

V is the sample voltage in the absence of illumination, and t~V is the change
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in V produced by illumination (AV cc V). Equation 5.2 indicates that if

AVIV is multiplied by the increasing carrier density during the irradiation,

the product should be proportional to the carrier lifetime r. This product

is also shown in Figure 5-10 and indicates approximately a 20% decrease in

lifetime for a gamma dose of 1 x io6 rad(Si). After irradiation and prior
to any annea l, however , the lifetime measured by photoconductive decay was
the same as the preirradiaticn lifetime, at least within the accuracy of

decay lifetime measurements. A possible explanation for the apparent

decrease in lifetime indicated from SSPC is the relative weight of the two

lifetime components on the response before and after irradiation. Before

irradiation, the short component (uO.3 ilsec) was responsible for about 28%
of the total response compared to about 38% after irradiation and prior
to anneal. A value of ‘p2.8 iisec was measured for the longer component

before irradiation, compared to ~.2.7 psec after irradiation. From the

above, it appears that the gamma irradiation of 1 x 106 rad(Si) produced

no significant lifet ime damage and that the decrease in SSPC was produced
by the increased carrier density and possibly a change in the relative

weight of the two lifetime components.

— Isochronal Anneal

• Isochronal anneal of the carrier density, Hall mobility, electrical

conductivity, and SSPC is shown in Figures 5-11 through 5-14. The anneals

were of 10-mm duration, with measurements made at lO°K after anneals at

the temperatures indicated by the data points. All of these parameters

recovered to near their preirradiation values, with the major annealing

stage occurring between 50 and 75°K. The SSPC, however, exhibits an ad-
ditional gradual recovery between 150 and 275°K. After the 275°K anneal ,
the SSPC signal exceeds the preirradiat ion value and then decreases and

approaches the preirradiation value after the 330°K anneal.

Figure 5-15 compares the carrier lifetime measured by photoconductive
decay and calculated from SSPC data during the anneal. The peak observed

0. 
in the calculated lifetime after the 275°K anneal (and also AVIV, Figure
5-14) appears to result from the relative weight of the two lifetime compo-

-

~~~ 

- nents on the photoconductive response. After the 275°K anneal, the shorter
component controls about 32% of the response, compared with 52% after the

71 
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l25°K anneal (top curve of Figure 5-15). This is shown in Figure 5-16,

which compares the photoconductive decay curves after the 125 and 275°K
anneal. The amplitude of the long time constant is obtained by an extrap-

olation of the decay curve to zero time. The amplitude of the short time

constant is then obtained by subtracting this value from the total observed

response. As can be seen in Figure 5-16, the short time constant of 0.5

psec was less effective in controlling the total response after the 275°K

anneal than after the 125°K anneal.

Spectral Respon se 4

The spectral response was measured prior to irradiation and immedi-

ately following the irradiation, before any anneal. These results are

shown in Figure 5-17. No shift in cutoff wavelength (bandgap) was observed;

therefore, spectral response measurements were not made during the isochronal

anneal.

Post Irradiation SSPC Temperature Dependence

The temperature dependence of the carrier density, Hall mobility, and

electrical conductivity after anneal was nearly identical to the pre-

irradiation value and is not shown. The SSPC, however, exhibited signifi-
cant differences; therefore, the SSPC during cooldown after several anneals

is compared with preirradiation data in Figure 5-6. It is interesting to

note that the SSPC indicates a considerably larger damage after the 100° K
anneal for l000/T between 10 and 20 than at lower temperatures. Shockley-

Read recombination is thought to dominate at the higher temperature and

becomes less effective at lower temperatures4 Figure 5-6 indicates that

Shockley-Read centers were produced by the gamma irradiation; however,

these centers were relatively ineffective at the irradiation temperature

of lO°K. After the 300°K anneal, the SSPC recovered to a value slightly

greater than the preirradiation curve throughout the entire temperature

~ ~~
- . range.

Decay of Excess Conductivity Produced by Pulsed Gamma Injection

• During the gamma irradiation, it was possible to measure the time

i- --: dependence of the decay of excess carriers produced by the 0.44 rad(Si)

gamma pulse delivered in 6 psec. Figure 5-18 is a photograph taken
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at the end of the gamma irradiation (‘~4 x 10
6 rad) at a sweep of 5 psec/

division . The upper trace is 5 mV/cm, the lower trace is magnified and

uncalibrated to show the decay curve. At the end of the 6 psec gamma pulse

the carrier density, determined from the upper trace, has increased to

2 9  x 1014 cm 3 or approximately 2.5 times the equilibrium carrier density
14 -3 . .of ~.l.2 x 10 cm . A relatively large injection ratio (An/n) of 10%

still exists at the end of the trace. A decay time constant of ‘,6 psec

was measured during the first 20 psec of the decay. The time constant

then increased to about 50 psec for the remainder of the decay shown in

Figure 5-18.

Both of these decay time constants are longer than the decay time
constant (‘~3 psec) following a pulse of illumination by the GaAs LED,

which produced a much smaller average injection level (sn/n) of only

10~~ to l0~~. If the recombination process were only Auger, one would

expect the decay times to be shorter for the large injection levels

produced by the gamma pulse.

One possible reason for the shorter time constant with the GaAs LED

is that the light from the LED is heavily absorbed near the surface of the

sample whereas the gamma rays produce uniform bulk ionization . Since the
— 

estimated injection ratio of 10~~ to lO~~ for the LED is an average across

the bulk of the sample, the injection ratio near the surface is actually

much larger. The shorter recoinbination lifetime could result from surface

recombination and/or Auger recombination in the high injection level region

• near the surface.

Another possible mechanism for the longer lifetimes at larger injection
$ - 

due to the gamma pulse is the injection level dependence of the lifetime,

when the lifetime is controlled by Shockley-Read recombination. From the

lifetime versus carrier density shown in Figure 6-2 (Curve A), it appears

4- 
- 

possible that a large carrier injection could cause either an increase or

decrease in carrier lifetime, depending on the value of the carrier density .
0. For large carrier density (n > 7 x io l4 cm 3) an increase in carrier

density resulting from a large injection would place the lifetime on the
1• Auger curve where r —
~~

- . At lower carrier density; where the lifetime

I - n

U 

-
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is controlled by Shockley-Read recombination , the increased carrier density

resulting from a large injection would not decrease the lifetime by Auger

recombination ; however , the lifetime could increase if the number of excess

carriers exceeds the number of Shockley-Read recombination centers. While

this number is not known, an estimate can be made from the results of

silicon studies. The lifetime T is given by

1 —

where 
~R 

is the number of recombinat ion centers , o is the capture cross
section and v is the carrier thermal velocity. Using a value of

2 x 10 13 cm2 
for the capture cross section and a lifetime of 3 psec

results in a recombination center density of 4.5 x 1011/cm3. While this

estimate is uncertain , the excess carrier density exceeded this number by
about a factor of 400 after the gamma pulse and was still a factor of 20

larger at the end of the trace shown in Figure 5-18. However, for the

above argument to be completely valid , the lifetime should he longer im-

mediately following the pulse (at the largest injection ratio) and then

decrease as an/n approaches zero, rather than the observed shorter life-

• time immediately following the pulse.

The above discussion may help to explain the long time constant

observed in HgCdTe detectors due to gamma inj ection , which results in
heavy local ized inj ect ion .

5.2 lO°K NEUTRON IRRADIATION OF SAMPLE 1-1

- ‘ After gamma irradiation and anneal to 340°X, sample ’I-l was neutron-
irradiated at lO°K to a neutron fluence of 1.2 x io~

3 n/cm2 > 10 keV. The

neutron fluence was produced by y-n reactions resulting from 55-MeV electrons

from the IRT Linac imp ing ing on a thick tungsten target. The target was

1 inch in diameter and 1- 1/4 inch in length , which is several radiation
lengths for the bremsstrahlung produced by stopping of the electron beam.

The gamma dose at the sample was minimized by placing the sample at the
side of the tungsten converter, 90° with respect to the electron beam,

since the bremsstrahlung is strongly forward-directed at this electron

82
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energy. The sample gamma dose was further reduced by placing a dif-

ferential neutron-gamma shield of 4 inches of depleted uranium between

the target and sample. This configuration resulted in a total gamma

dose of 5 x l0~ rad(Si),  which produced an n/y ratio of ‘~‘0.3 assuming •i

gamma energy of 1 MeV . The average gamma energy is l ikely to be bet~’ecu

1 and 10 MeV , which would i-ncrease the n/y ratio accordingly.

An objective of the neutron irradiation was to measure damage in

IIgCdTe in a pure neutron environment, i .e., to reduce the gamma dose to
a level such that the observed damage could be attributed only to the

neutron fluence. Based on the observed carrier introduction, it appears

that this obj ective was adequately fulfilled. The measured carrier

introduction during the neutron irradiation was “3 x 10
13 cm 3, compared

to a calculated value of 1.3 x 1012 cm~
3 using the measured gamma dose

of 5 x l0~ rad(Si) and the measured gamma carrier introduction rate
• [2.5 x l0~ carriers/cm

3.rad(Si)] shown in the previous section. In other

words, approximately 95% of the carriers introduced during the neutron

irradiation can be attributed to the neutron fluence.

Carrier Introduction

The carrier density as a fu-kction of neutron fluence is shown in
— 

Figure 5-19. This curve is slightly nonlinear during the early part

of the irradiation; however, the average introduction rate (An/A+) is

2.5 electrons per n/cm2. This value is in good agreement with the value

of 2.8 obtained during a lO°K neutron irradiation of a sample with an

initial carrier density of ‘~.l.4 x l0~~ cm
3 (Ref. 4), which required a

large correction for an accompanying gamma dose.

Mobility Damage
-- 

- The Hall mobility neutron fluence dependence is shown in Figure 5-20.

The inverse mobility, also shown in Figure 5-20, was linear with fluence

and exhibits a damage constant (A1/A$) of

6.9 x io 20(~
.5
~~) (~~.2)
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Electrical Conductivit~y

The electrical conductivity showed a slight increase with neutron

fluence (Figure 5-21); i.e., the carrier introduction rate during the
irradiation was greater than the decrease in mobility, resulting in a

net increase in conductivity.

Prior neutron irradiation of material with an initial carrier

density of ~1.4 x 10
15 cm 3 (Ref. 4) exhibited a decrease in conduc-

tivity with neutron fluence as a result of a slightly larger mobility

damage constant for the higher-carrier-density sample.

Stea4y-State Photoconductivity

The steady-state photoconductivity (LW/V) as a function of neutron

fluence is shown in Figure 5-22. The decrease in SSPC with fluence

results from a decrease in carrier lifetime and an increase in carrier
density, since AV/V = gt/n and n increases with radiation . The quantity

AV/V x n (which is proportional to carrier lifetime for a constant g) is

also shown in Figure 5-22. The pre- and post-irradiation ratio of this

quantity is in good agreement with the pre- and post-irradiation life.-

time determined from PC decay measurements. The fluence dependence of

carrier lifetime calculated from SSPC data is shown in Figure 5-23. The

dashed line in Figure 5-23 yields a neutron-produced lifetime damage

constant K of 9 x l0~~ cm
’/n-sec. This damage constant is about a factor

of 2 larger than observed (3.5 x l0~~) during neutron irradiation of a

sample with an initial carrier density of about 1.4 x iO~~ cm 3 (Ref. 4).

Isochronal Anneal of Neutron Damage -

Isochronal anneal of the carrier density, Hall mobility, electrical

conductivity, and SSPC is shown in Figure 5-24. Unlike electron and

gamma damage, the anneal of neutron damage is more complex and recovery

to the preirradiation conditions is less complete. The most significant

changes in these parameters occurred between the 50 and l75°K anneals.

In this temperature range, the carrier density and mobility recover

toward the preirradiation values. The SSPC shows a recovery between 50

• and lOO°K, then decreases between the 100 and l75°K anneals. The initial
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recovery appears to be correlated with a decrease in carrier density, how—

ever, the increase in SSPC is greater than can he accounted for by th~
decreased carrier density (AV/V 1/n). The decrease in SSPC between lOt)

- and l75° K and the following increase between 175 and 250°K does not appear
- to be correlated with a carrier density or mobility anneal. The electrical

conductivity increased during the irradiation and continued to increase

- until after the 175°K anneal. The increasing conductivity was dominated

primarily by mobility recovery. After the 340°K anneal, the fol lowing
— changes with respect to preirradiation values were noted.

Electrical conductivity +20%

Steady-state photoconductivity -50%

Hall mobility - 5%

Carrier density ÷15%

Carrier Lifetime

A comparison of lifetime measurements by photoconductive decay
• indicates that the lifetime decreased from ~3.l to “2.5 ijsec during the

neutron irradiation. A semilog plot of the PC decay before and af ter
neutron irradiation is shown in Figure 5-25. In both cases, two decay
components are present. The fast component is relatively unchanged by
the irradiation, while the longer component is decreased from ‘~.3.1 to

2.5 psec by the neutron irradiation. Extrapolation of the longer time

constant to zero time indicates that the amplitude of the steady-state

photoconductivity signal was controlled approximately equally by the two

lifetime components. This can also be seen from the inset in Figure 5-25,
- which is a photograph of sample response to a l5-usec GaAs LED pulse before

-

~ 1 neutron irradiation. At the end of the injection pulse, the signal decreases
to approximately 50% of its steady-state value with a time constant of

- 
about 0.3 psec, then decays to zero with a longer time constant of

4- approximately 3 psec.
-. The carr ier lifetime measured from photoc.onductive decay and calculated

from SSPC during isochronal anneal is shown in Figure 5-26 and indicates

no significant change during the anneal.
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~pçctra1 Response

The photoconductive spectral response before and after neutron

irradiation and after the 300°K anneal is shown in Figure 5-27. The

cutoff wavelength of ‘~l4 jim (A 05) was unchanged by the neutron irradia-

t ion -

Temperature Dependence - 

V 

V

The temperature dependencies of the carrier density, mobility,

electrical conductivity, and SSPC-carrier lifetime before neutron

irradiation and after irradiation and anneal to 340°K are compared in

Figures 5-28 through 5-31. The first three of these parameters (n,p,a)

show no unusual structure as a function of temperature. The SSPC,

however (Figure 5-31), shows some interesting features when the SSPC

is compared at l0°K (l000/T = 100) and 67°K (l000/T = 15). At l0°K,

the signal is decreased about 60% compared to a factor of 3 at 67°K,
V 

the temperature region where Shockley-Read recombination appears to

dominate the carrier lifetime. This observation indicates that a greater

number of Shockley-Read recombination centers were introduced by the lO°K

4 neutron irradiation than were observed at the lower temperature, and sup-

ports previous observations that Shockley-Read recombination relaxes

as the temperature is decreased from about 80 to lO°K.
The lower curves in Figure 5-31 show the temperature dependence of

the carrier lifetime after neutron irradiation and anneal to 340°K as

determined by photoconductive decay and calculated from steady-state

photoconductivity. The measured and calculated values agree well for

• 

- 1000/T > 90. At higher temperature, the disagreement arises partially

from the relative weight of the short lifetime component (not shown)

and the longer lifetime component shown in the figure. At lower tempera-

ture (l000/T = 140), approximately 40% of the SSPC response was due to

the shorter component, compared with ‘~.58% at l000/T = 57.

S.
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6. DAMAGE CONSTANTS FOR 1O °K ELECTRON , GAMMA, AND
NEUTRON IRRADIAT ION

This section summarizes the effects  of electron , neutron , and gamma

radiation on the bulk parameters of n-type Hg 0 8Cd0 2Te. It is important

to note that the preirradiated carrier density of samples used in this

study was “1 x io14 cm 3
, since s ing i f i c an t  d i f ferences  ~in ’1i fe t ime

JaIIIa i~e a r~’ ohserved in  m at e  r i a I of’ t h I s carrIer den si t y coiiipa red with
ii :, _

V
~

h i ~z h e r — c a r r t e r — d e n s i t v  (-‘ 1 x f ( )  ) m a t e r i a l  . Tile samples chosen

for this study have low—temperature  m ob i l i t i c s  of 2—4 x 10~ cm 2/V sec.

6.1 CARRIER INTRODUCT ION RATES

Carr ier  i n t ro~Iuct ion rates were measured at 10 ° K for elcctron , nct~-

tro’~, and gamma i rra( 1 I at ions .  The gamma i r r ad i a t i on  used hrcnisstrahlung

produced by S-McV electrons and ~ t h i n  t an ta lum converter . The results

are summarized in Table 6-1. The carrier introduct ion rates listed in V

Table 6-1 arc in good agreement w i t h  those measured for higher-carrier-

density material (‘~.1 x 1015 cm 3) reported in Reference 8 , except for the

gamma carrier introduction rate, which is about a factor of 4 lower for

the lower-carrier-density material. The carrier introduction rates
V obtained for the higher-carrier-density material are also shown in Table

6-1 for comparison .

V Table 6.1

CARRIER INTRODIJCT IOr-1 RATES AT 10 °K IN Jig 0 8Cd 0 2Te

Prcirradiation carrier density 1 x 1 0 14 cm ’
~ 1.5 x io 15 cm 3 a

Irradiation ~n/A~ (cm
4
)

5-MeV electrons +12.5 +13.6

Fission neutrons + 2.5 + 2 .5
-

~~~ 

.. 
~n/~4 (cm

3)/rad(Si)
Brem sstrhalung (produced by 75-MeV electrons) + 2.5 x 10 1 x io8

.; - , aR f e  8
I Do
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6.2 RAD IATION-INDUCED CONDUCTIVITY CHANGES

Changes in electrical conductivity are important to detector per-

formance since the conductivity determines the detector resistance and,

therefore , the bias level for a detector operating in a constant current
mode.

Table 6.2 gives the radiation-produced changes in conductivity for

l0°K electron, gamma , and neutron irradiation discussed in Sections 4 and 5.

In all cases, the conductivity increased with fluence. The increase was

nearly linear; therefore the values of M/A$ given in Table 6-2 can be
13 2 13considered constant for the fluences used (1.2 x 10 n/cm , 7 x 10

e/cm2, and 1 x 106 rad(Si). Values for the higher-density-material

(Ref. 8) are included for comparison .

Table 6-2

lO°K RADIATION-PRODUCED CONDUCTIVITY CHANGES IN

n-TYPE Hg0 8Cd0 2Te

Pre-irradiation carrier 14 ...3 15a ~
V density 1 x 10 cm 1.5 x 10 cm

Irradiation &i/~~~ (~2-cm)
4 (cm’

~
2)

-13 -13
5-MeV electrons +1.7 x 10 +2.9 x 10

Fission neutrons +4.6 x 10
_iS 

-2.3 to -0.97 x 1O~
M/ t ~ (c2-cm4)/rad(Sil

Bremsstrahlung (produced 7 -6
by 5-MeV electrons) +7.5 x l0 +9.0 to 2.4 x 10

• 
ageference 8

6.3 MOBILITY DAMAGE

Mobility damage constants measured during 10°K electron , gamma, and
neutron irradiation are given in Table 6-3. The mobility damage constants

are obtained from the slope of inverse mobility versus fluence for electron
and neutron irradiation and dose [rad(Si)] for gamma irradiation. Inverse

V 

mobility was linear with radiation for the gamma and neutron irradiation;

i i

101

t
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therefore, only a single damage constant is given. During the electron

irradiation, inverse mobility exhibited two linear regions : one for
13 2 -20fluences between 0 and 3 x 10 e/cm , K = 7 x 10 V.sec/e, and the

other between 3 x 1013 and 7 x 1013 e/cm2, K = 3.1 x i0~
20.

Figure 6.1 compares mobility damage for electron, gamma, and neu-

tron irradiation. Figure 6.1 is a plot of inverse mobility versus increas-

ing carrier density during the three irradiations and is included to

illustrate the larger mobility damage, per carrier introduced, for the

neutron irradiation as compared to electron and gamma irradiations, which

are nearly equal .

Table 6-3

lO°K MOBILITY DAMAGE IN n-TYPE Hg0 8Cd0 2Te

Irradiation
U

5-MeV electrons 3.1 x l0~
2O to 7.4 x lO

_20 
V.sec/e

Fission neutrons 6.9 x lO
_20 V .sec/n

Bremsstrahlung (produced by -13 V.sec
5-MeV electrons) 3.2 x 10 

cm2 
/rad(Si)

6.4 LIFETIME DAMAGE

Carrier lifetimes during irradiation and anneal were determined from

direct photoconductive decay measurements or from steady-state photo-

conductivity (~V/V). During gamma irradiation of 1 x 106 rad(Si) of
V Sample 1-1 (Section 5), no change in decay lifetime was c,bserved when

comparing pre- and post-irradiation photoconductive decay curves. The

carrier lifetime data resulting from electron and neutron irradiation is

presented in Figure 6-2 as Curves A and E, respectively. In Figure 6-2,

the carrier lifetime is plotted versus increasing carrier density during

the neutron irradiation (Curve E) and as a function of carrier density

during isochronal anneal for the 5-MeV electron irradiation (Curve A).
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Figure 6-1 Inverse mobility versus increasing carrier
density with irradiation at 1O°K
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An important feature of Figure 6-2 is the carrier lifetime dependence

on carrier density (Curve A) for the low-carrier-density sample used in the

5-MeV electron irradiation. Above n = 6.5 x io14 cm 3, the lifetime follows
the theoretical extrinsic Auger curve (t ~ 1/n 2).  Below this density , the
lifetime is essentially constant although the carrier density is changing.

— In this contant-lifetime region , the lifetime is apparently controlled by
Shockley-Read recombination, and the recoinbination defects are not notice-

ably affected by the annealing process which changes the carrier density.
Curves B , C , and D in Figure 6-2 are also for electron irradiation of

samples with pre-irradiation carrier densities of 1 to 1.5 x ~o~
5 cm 3 and

appear to follow the Auger curve in this higher carrier density region .

V 
Curves E and F are for fission neutron irradiations . Although neutron

irradiation causes carrier addition simi lar to electron irradiation , the
lifetimes decrease faster than the Auger lifetime curve. This trend could
be an indicat ion of clustering effects due to neutron irradiation in HgCdTe
because it is known , both theoretically and experimentally, that cluster
damage in neutron-irradiated silicon is more effective as a lifetime degrada-

V tion mechanism than as a carrier removal mechanism. The lifetime damage
constant obtained from the lO°K neutron irradiat ion of the low-carrier-
density sample (Curve E) is ‘~9.l x l0~~ cm2/n .sec (see Figure 5-23) .

6.5 PREDICT ION OP PHOTOCONDUCTIVE DETECTOR RADIATION RESPONSE

In this section, the radiation effects data obtained from 10°K electron,
neutron, and gamma irradiation of low-carrier-density HgCdTe (n ~ 1 x l0~~
cm 3) are used to predict radiation damage in a photoconductive detector.
For this discussion, it is assumed that the PC detector is operat ed in a
constant current mode in a circuit similar to that shown in Figure 6-3
where R >> Rd. The photoconductivity signal is related to the detector

a. material properties by

+ p )
n e (~V c< V) (6)

0~~~n
for an n-type detector. In this equation,V is the detector bias voltage,

~V is the change in detector voltage produced by signal inj ection , t is

~~~~V V I
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carrier lifetime, g is the generation rate produced by the signal photon

flux (cm 3sec~~), no is the carrier density and and ~~ are the

V 
electron and hole mobilities. Equation 6 reduces to

= , (6.1)

since p~~ >> p~~~. The above equation is equivalent to responsivity R of a

detector if ~V is normalized to the signal power in watts, and the genera-

tion rate g is given in terms of quantum efficiency, bandgap, and photon

V flux. For the purpose of this discussion, however , Eq. 6.1 will be used
for detector damage calculations and, therefore, will not include possible

— 
degradation due to bandgap or absorption coefficient changes. At low bias,

the response is proportional to detector bias V and saturates at higher

bias when minority-carrier sweepout occurs (V L2/u~r). This response

dependence on bias is illustrated in Figure 7-5. The region of linear

increase in response with bias occurs if the pr product is independent of

the electric field. This discussion assumes that the detector is operated

in the linear region below carrier sweepout, as experimental results for
both bulk material and detectors show that a plateau region beyond sweep-

out is never achieved and that the response actually reaches a peak, then

decreases with increasing bias as shown in Figure 7-5.

I R~~ 

V

I 1—l( 0

E SIGNAL (LV)

~~~
Rd 

I

~. -~~~- RT—11518

Figure 6-3. Photoconductive detector bias circuit
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For a detector operating in a constant current mode , V , the dete ctor
— bias in Eq. 6.1 can be replaced by the conductivity (a = CI/V) which

results i n an equat ion for response (LV) which includes the paramet ers
that cha nge with radiation ,

~~ . (6.2)

In Eq. • 6.2 the constant C is the detector geometry factor (L/A) and is
equal to the detector length divided by the detector area normal to current

- f low. The ratio of the response during irradiation, 
~
VR to the preirradia-

tion response, 1W, eliminates the constants from Eq. 6.2, leaving

~~R
TR X ~2 

~ 
.2. - (6.3)

From the previous tables, and can be calculated as follows.

nR = + • 1~n/ M (6.4)

and

= a
~ 

+ ~ t~a/ t i~ (6.5)

In the carrier density region where the lifetime is Auger-limited

(n 6.5 x 1014) where ~~~~ , T~ /T 0 can be calculated from

= (
~ 

+

~~~~~ 

)

2 
- 

. 

(6.6)

- 
-

~ During the lO°K neutron irradiation of sample 1-1 , the carrier densityc - . 14 -3 14 -3 13increased from ‘~‘l x 10 cm to 1.3 x 10 cm for a fluence of 1.2 x 10

n/cm2 (>10 keV). Based on the results of electron and gamma irradiations

of samples II-4 and 1-1 , there was no apparent lifetime degradation due

to increased Auger recombination in this carrier density range. There- V

fore, the lifetime damage observed during neutron irradiation is assumed

• to result from introduction of Shockley-Read recombination centers. For

Shockley-Read lifetime damage , the ratio of tR/tO in Eq. 6.3 is given by

1 1
= (1 + K$r ) . (6.7)

1 0
0

?
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Elect ron Damage

Figure 6-4 shows the measured response (1W) as a function of 5-MeV
electron fluence for sample 11-4 (Sections 4 and 5) ,  and also the response
calculated using Eq. 6.3. The open squares in Fi gure 6-4 neglect any
lifet ime damage and underestimate response damage by about 70% at a fluence
of 7 x 1013 e/cm2. If lifetime damage is considered for ~ > 6 x io13 e/cm 2 ,
the solid square data points of Figure 6-4 are obtained . In this case , the

calculated damage underestimates the measured damage by ~25%. The calculated

lifetime damage assumes the onset of Auger recombination to occur at a car-
- 14 -3 13 2rier density of 6.5 x 10 cm (~ = 5.4 x 10 e/cm for sample 11-4), and

beyond this fluence and carrier density, I is proportional to 1/n2. Equa-

tion 6.6 was applied with n0 
= 6.5 x 1014, and the fluence was actually

taken as a delta fluence of ~‘ minus 5.4 x 1013 e/cm 2 . The total response
degradation at a fluence of 7 x 1013 e/cm2 consisted of three parts: (1) the

V response decreased a factor of 6.7 because of the increase in conductivity

which decreases the sample bias for constant current; (2) the response

decreased a factor of 10 due to increased carrier density; (3) the lifetime

decrease between $ = 6.1 and 7 x 1013 resulted in an additional factor of

1.5 decrease in response.

V 
While not shown experimentally, it seems possible that a scheme which

senses the increase in conductivity with irradiation could be used to

increase the detector bias current and thus partially avoid the decrease

in response that occurs with decreasing bias voltage.

Neutron Damage

Figure 6-5 shows the measured response AV as a function of fluence

for the lO°K neutron irradiation of sample 1-1. Also shown in the fi gure

are values of response calculated using Eqs. 6.3 through 6.7. For these

calculations, a Shockley-Read lifetime damage constant K of 9 x

cm2/n-sec was used together with the values of An/A$ and Aa/ 1~4 given in
Tables 6.1 and 6.2. At a fluence of 1.2 x 1013 n/cm2, the calculated

- 
- 

response overestimates the damage slightly (‘t~7%) as a result of using a

r worst-case-lifetime damage constant measured during the neutron irradia-

tion (dashed line in Figure 5-23) . During the neutron irradiation the
I 

- 
response decreased approximately 25% from lifetime damage and 13% as a

result of increased carrier density.
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Figure 6-4 Calculated and measured response versus
lOK , S MeV electron fluence

‘p:~’
~~~~~~~~~~ 109



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

I I I 5 5 I I I I I t

5 .

Q MEASURED RESPONSE

0 CALCULATED RESPO IISE (K = 9 x 10~~ cm2/n-sec ) . V

4
V U,
V I-

0

0
I-

I 

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

V 1 I a I I I I I i I I I I I

RT-143 39 
2 

NEUTRON FLUENC E i~(10
12n/cm 2) keV 

12

- . Figure 6-5 Calculated and measured response versus
l0°K neutron f luence -

110

i

~~

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

~~~~~~~ 
--



.7 •-‘ •-——-VV ---- V~_~~~~~ VV ~ •~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

7. RESULTS OF SAMPLE SCREENIN G

During the course of the program a number of samples were prepared
— - • and at least partially characterized. The samples that were rejected

for irradiation studies were rejected on the basis of a small low tempera-
ture mobility and abnormal carrier density temperature dependence.

The results for two of these samples, 1.Ib and 1-4, are presented in
this section.

The dimensions of these samples after preparation was
Width Thickness

I-lb 0.6 cm 0.056 cm 0.023 cm (9.2 ails)
1-4 0.5 cc 0.121 cm 0.013 cc (5.2 ails)

The temperature dependence of the carrier density for these samples
is given in Figure 7-1 . The carrier density temperature dependence for

L 
-
~~ 1 I-i is also shown for comparison , as this sample exhibits the normal

temperature dependence.
As the t emperature is decreased from 300 k , sample I-lb exhibits the

normal decrease in intrinsic carrier density until about l20 K . The
reversal in carrier density below this temperature app ears to be a two
carrier effect ; however , the sign of the Hall constant remained negative
for the entire temperature range. Th. mobility and conductivity for this
sample are shown in Figures 7-2 and 7-3. The continued decrease in con-
duct ivity in Figure 7-3 for l000/T greater than 20 ii an indication that
the decreasing carrier density shown in Figure 7-1 is real and not a two

-• carrier effect in the carrier density determination (n • l/R 1e). Sample
- - 1-4 shows -a behavior intermediate between 1-lb and 1.1, the reference
• sample. The unusual behavior of these samples may result from the thinness

r of the samples (5.2 and 9.2 ails). It is possible that the process of

- • 
sample preparation results in an invert ed surface (p-type ) which competes

f. with the bulk until hole fre zeout at the surface occurs. In this case ,

-
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- 
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the surface to bulk ratio of the sample and the bulk and surface carrier

density (electrons and holes) would be effective in determining the meas-

ured carrier density.
The steady-state photoconductivity temperature dependence for these

samples is shown in Figure 7-4. It is interesting to note that sample

I-lb which has the lowest carrier density , mobility, and electrical con-

- ductivity has the largest photo response at lO°K, and that this order ~~ 5V ~

reversed at about 80°K. Sample I-lb appears compensated and thus likely

has a large density of Shockley-Read centers. These centers are effective

at 80°K as evidenced by the low response, and become less effective at

lower temperature. An 80°K screening of this material based on response

and mobility would probably have resulted in its elimination for detector

fabrication even though it has the larger low temperature response.

The lO°K response bias dependence for the samples is given in Fig-
ure 7-5 where ~V is plotted versus sample electric field. All of the

samples exhibit a decrease in response above a certain bias level; how-

ever, the maximum response occurs at a larger electric field for sample

V 
I-lb. The reason for this is not understood, based on the relationship
V ~ L

2/M~,t which determines the bias level for carrier sweepout and
- 

- 
response saturation. The carrier lifetime was measured to be 4~3 and 15
lisec for samples I-i and 1-4 respectively and “7 usec for sample I-lb.
The sample lengths , L , were approximately equal for these samples . The

combination of sample length and carrier lifetime in the sweepout equa-

tion does not explain the observed differences in electric field where

the response saturates for the three samples.

The photoconductive spectral responses was measured at lO°K for
sample 1-4 and is shown in Figure 7-6 along with the response curve for

- . ‘~- sample 1-1 for comparison .

-
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8. COMPARI SON OF THE ELECTRICAL PROPERTIE S
OF BULK MATERIAL AND DETECTO RS

Figure 8-1 compares the conductivity temperature dependence of sample

I-i that was gamma and neutron irradiated with the conductivity of an

Arthur D. Little (ADL) and Honeywell Radiation Center (HRC) detector

(Ref. 9).  Detector conductivity was calculated from resistance versus
temperature data of Referen ce 9 Both detectors were square with an area
of 4.5 x l0~~ and 9.2 x l0~~ cm2 for the ADL and HRC detector respectively.
The detector thickness was estimated to be 30 urn. At 300°K, both detector s
have a lower conductivity than sample I-i. The lower conductivity at 300°k

— 

could result from a lower lattice mobility as the carrier densities should

be equal in the intrinsic region providing the x value is the same for the

V 
three samples. At low temperature, the conductivity of both detectors is
larger than the conductivity of sample 1-1. The larger conductivity could

V 
- result from either a larger carrier density, a larger mobility, or both.

The shape of the conductivity curves for the detectors at low temperatures,

however , suggests that the larger conductivity results from a larger car-
rier density for the following reasons.

1. For larger extrinsic carrier densities, the initial decrease

in conductivity, when going from the intrinsic-to-extrinsic

region, is smaller as is observed for both detectors when

compared with sample 1-1.

2. The decrease in conductivity at low temperature usually results

from a decrease in mobility, as the carrier density is constant

at these temperatures. Generally, the higher carrier den sity
material exhibits a constant mobility below about 20°K

(l000/T=50) while the mobility of lower carrier density

material exhibits a decreasing mobility in this temperature

• range. Based on the above , the estimated carrier densities
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are “‘1.8 and 3.0 x io
l4 cm 3 for the ADL and HRC detector

respectively. The conductivity temperature dependence shows

conclusively that both detectors are n-type and probably have
V 

carrier densities between 1 and S x 1014 cm~
3 and mobilities

- 

- greater than 1 x 1O~ cm2/V~sec. From this comparison, it

appears that the bulk material studied in this program is

representative of material used in detector fabrication, at

least in carrier density and mobility.
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