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FOREWORD

This report describes the results of a systematic study o the electrical and &

optical properties of a wafer of Czochralski (CZ) grown silicon doped with indium.

Samples from this wafer showed an unusual temperature dependence for the

photoresponse after irradiation with 1 MeV electrons. The work was performed under

two work units of Basic Research Task 2306Q1. Inhouse studies conducted by .

personnel of the Laser and Optical Materials Branch, Electromagnetic Materials

Division, Materials Laboratory, Air Force Wright Aeronautical Laboratories,

1Wright-Patterson Air Force Base, Ohio 45433 under Project No. 2306, Task No. 2306Q1,

Work Unit 2306Q106 provided the results of infrared absorption and photoconductivity L

measureoments. The results of Hall effect measurements were provided by studies

conducted by personnel of both the University of Dayton Research Institute, Dayton,

Ohio 4546P under Contract No. F33615-81-C-5095, Work Unit 23060111, and Universal

Enerqy Systems, Dayton, Ohio 45432 under Contract No. F33615-82-C-5001. This report ,

covers work performed during the period March 1981 through August 1983. Detector

performance measurements were conducted by personnel of the Infrared Devices Branch

of the Naval Ocear Systems Center at San Diego.
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SECTION I

INTRODUCTION

This report is a rapid communication of the observation of an interesting

Phenomenon in photoconductivity (PC) measurements on a particular wafer of

Czochralski grown Si:In. Originally the intent was to produce high concentrations

of the indium-x level through electron irradiation and subsequent annealing of Si:In

(References 1, 2). Hall measurements before and after irradiation and annealing did

show an increase in the amount of In-X present in the sample as expected. However,

while searching for the Presence of In-X through photoconductivity measurements an

interesting effect was observed in an electron irradiated sample that had not been

annealed above room temperature. After three months at room temperature, the

initial PC measurements, using a Fourier transform spectrophotometer, showed a very

noisy intererogram for sample temperatures below 35K. From 40K to 65K the -

interferoqram was good and data could be collected. Then at about 70K the

interferoaram became too noisy again for data collection. This behavior was quite

unusual because the typical Si:In sample is run at temperatures below 35K in order

to observe sharp indium excited state lines. Also, previous Si:In samples could not

be run at temperatures above about 30K due to excessive low frequency noise causing

an A/D overload in the signal processing electronics. Photoconductivity measure-

ments were made on this sample again three months later. During this second testing

the sariple had good signal to noise from 9K to 82K. A year later the results of

this second run were still repeatable.

Based on these PC results, it was decided to explore the usefulness of this

riaterial for higher temperature Si:In infrared detectors. To test the detector

characteristics of this material, the electron irradiated PC sample was taken to

Naval Ocean Systems Center (NOSCM. Lum Eiseman and Craig Sayre of the Infrared

Devices Branch performed the detector measurements on the 3am x 5mm x lmm sample.

These initial detector measurements gave a peak in the D* at 70K. This result was

encouraging so a second sample set was made with a more optimally designed detector

configuration of Imm x 1mm x Imm for additional testing at NOSC. Detector measure- &.

ments on this new electron irradiated sample set also produced a good D* vs. temper- %

ature curve but without the peak at 70K. An as-grown Si:In sample set from the same

wafer could not be measured above 22K due to excessive noise in the detectors.

1-4-"
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This report i, a summary of all the absorption, Hall effect, photoconductivity

and detector measurements that have been made on this unique Si:In wafer. It is

still not clear what the mechanism is for the unusual temperature dependence of the

electron irradiated samples. One of the mechanisms considered was that double donor

divac'ncies formed during irradiation acted as a counterdopant for the shallow

acceptors. This concept lead to the acronym NICETM (New Improved Counterdoped

Extrinsic) to describe the electron irradiated material. It is possible that a

better understanding of this NICETM material could lead to Si:In detector arrays of

higher operating temperature.

2

7..



AFWAL-TR-85-4012

SECTION II

EXPERIMENTAL PROCEDURE

1. SAMPLE PREPARATION

The starting material for this study was a two inch diameter, Czochralski grown

Si:In wafer labelled No. 09q-272. This wafer was first polished, cleaned and then

four samples numbered 0208, 0746, 0747, and 0745 were cut from this wafer (see

cutting diagram for details, Figure 1). Sample No. 0208 was cut and polished for

-bsnrption measurements. Sample 0745 was ultrasonically cut into a van der Pauw

confiouration (Reference 3) fer Hall effect transport measurements. Samples 0746

and 0747 were cut for photoconductivity measurements. Hall and photoconductivity

samples were cleaned using the standard 'RCA' two stage cleaning process
(Reference 4). Ohmic contact areas were produced either using a sparking technique

(Reference 5) or by pulsed laser annealing of borosilicate onto the sample surface

(Reference 6). Gold wires were indium soldered directly to the contact areas.

1130 (VDP) "

TM
1050,1051,1052 (NICE Detectors)e-

1093 (VDP)e 048 (PC)e
" -"1049 (PC)e-

0745 (VDP)--. - ---- 19 AS

e ,anneal - 0746 (PC)e-
0747 (PC) ..i.1

1043 (PC) O0208 (ABS)e , anneal

1054,1055,1056( Detectors)

Figure 1. Cutting Diagram for Wafer No. 099-272 Showing the Relative Positions
of the Samples in the Wafer

3p -
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After initial Hall and absorptinn measurements, samples 0208, 0745, and 0746

were electron irradiated on each side with 5 x 1016 e /cm2 with an energy of 1 MeV. ...-

This room temperature irradiation was performed with a Van de Graaff accelerator at

AFWAL/AADR. Since the range of 1 MeV electrons is characterized by an LSS range of

Impi and the samples were Imm thick, the radiation profile was fairly uniform.

Later samples 0745, 0208, and 0747 were annealed at 350'C fcr 30 minutes in an

araor ambient. And, after experimental measurements were made, these samples were

aqain arnealed at 550C for 24 hours in an argon ambient.

A little over a year later several more samples were cut from wafer No.

,99-27? (Fiure 1). Also, a van der Pauw sample (1120) was cut from a second CZ

Si:In vafer No. 099-290. Out of this new set of samples, samples 1093 and 1048-1052

were eiectron irradiated as described in the previous paragraph. The rest of the

samnles were left as-grown. Samples 1050-1052 and 1054-1056 were 1mm x 1mm x 1mm

tubes with laspr arnealed contacts on two opposing cube faces. Each set of three

cubes was mounted with GE 7031 varnish onto a beryllium oxide slab.

?2. HALL MEASUREMENTS

Hall measurements were performed on a guarded DC Hall apparatus (Reference 7)

esined for high impedance (-101Q) measurements. The van der Pauw samples were "

moulnteC in a cryogenic variable temperature dewar. Experimental data was taken in

*he tenperature range of 5nK to 380K in an applied magnetic field of 1KG.

nII concentrations and activation energies of impurities were obtained by a

,(".nlinear least-squares fit to the charge balance equation:

N.
P + N = )exp(E/kT

iv
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where Ni, Ei and gi, are the concentration, activation energy and ground1 1 1 .th
" state degeneracy of the i acceptor species, respectively. The donor concentration

ND is given by: p

N N N (2)D N NAi i k k

, where N are all the donor levels and NAk are all the acceptor levels sufficiently

below the Fermi level to be fully ionized over the temperature range under

° investigation. The density of states in the valence band, N v, was calculated taking

into account the temperature dependence of the effective hole mass and the

non-parabolicity of the valence bands (References 8, 9). An empirical Hall scatter-

ing factor (rH il) (Reference 10) was also used when fitting the carrier

concentration data. The use of this Hall factor gives closer agreement with carrier

concenl:rations obtained from C-V measurements, and with optically determined

acceptor ionization energies in highly doped samples (Reference II).

3. PHOTOCONDUCTIVITY MEASUREMENTS

A7l spectra were recorded on a Digilab model FTS-2OCVX Fourier transform

spectrophotometer at a resolution of 2 cm"1 in the infrared region from 4,000 to

200 cm -
. The samples were mounted on a thin beryllium oxide slab on the

cold-finger of a closed-cycle helium refrigeration system. After mounting, the

samples were wired in series with a lO0ko load resistor, also mounted on the

cold-finger. This simple circuit was biased with a DC voltage of 9V. The

photoconductivity data were collected in a voltage-mode with measurements taken

across the load resistor. The resulting voltage signal was fed through a pre-

amplifier, adjustable gain amplifiers, and an analog to digital converter to he

recorded and analyzed by computer. Data were recorded in a temperature range of

8.OK to 80K.

4. ABSORPTION MEASUREMENTS

The absorption samples were mounted on the cold-finger of a liquid helium

. dewar. The spectra were recorded on the same Digilab model FTS-2OCVX Fourier

transform spectrophotometer as the photoconductivity spectra. The absorption

spectra were collected in the single beam mode at a resolution of 2 cm- 1 in the

infrared region from 4,000 to 200 cm- . The sample transmittance was referenced to

an empty sample holder. A computer program was used to convert transmittance to

absorption coefficient in the usual manner (Reference 12).

5
.. . . ,S ;
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SECTION ITT

RESULTS AND DISCUSSION

Initially, Hall transport and absorption measurements were made on as-grown

Si:In samples from the same wafer, numbered 0745 and 0208 respectively. Later in

the study, another set of as-grown samples (1130, 1043 and 1098) were cut from this

same wafer and measured by the Hall transport, photoconductivity, and absorption

facilities. In addition, Hall measurements were made on a sample (1120) from

another wafer of the same boule. A typical curve showing the carrier concentration

fitting of the transport data for an as-grown sample (0745) from this wafer is shown

in Figure 2. The as-grown material did not seem to exhibit any unusual behavior or

impurity species. Similarly, the absorption measurements on the as-grown material

, (020P, 1098) showed nothing unusual; standard Si:In spectra were obtained. An

absorption spectrum for sample 1098 is shown in Figure 3. The impurity or

dopanz concentrations determined by these two experiments are compared below.

TABLE 1

IMPURITY CONCENTRATIONS DETERMIIED BY HALL
AND ABSORPTION MEASUREIENTS FOR AS-GROWN Si:In

.-.

-3 -3
Impurity or Hall Effect (cm- ) IR Absorption (cm".
Dopant 0745 1130 0208 1098

10~16 16 16 16 -; .£

In 2.59 x 1 1.52 x 10 3.8 x 1 3.6 x i1

In-X -- 1.92 x 1014 0. --

B .... no data 1 x 1014

"-° 1 14 1 14
Donors 2.64 x 1 2.08 x 1 ..

C .... 7 x 1016 7 x 01 6

0 6 x 1017 6 x 1017

A 6
'4-p
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0

CD 099-272-0745/As Grown

* MASS TYPE; BARBER

CDl R.-FACTOR: EQUALSI

0

CD.

0

0.00 4.00 P.00 i2.00 16.00 20.00 24.00

Figure 2. Carrier Concentration Versus 1000/T for Czochralski (CZ) Si:In
Sample 0745 As-Grown
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The original Hall analysis of sample 0745 aid not reveal the presence of indium-)
and yielded an indium concentration approximately 74' hiqhfr than those found fir

samples 1130 and 1120. The discrepancies may be attributed to subsequent improv(,-

ments in the carrier concentration fitting routine-, yieldinq more accurate impurity

concentrations and detecting shallower over-compensated impurity levels. The main

improvements were the inclusion of the tomperature dependent effective massos

(References 8, 9) and the empirical Hall factor (Reference in). Also, a rnound

state deqeneracy of four is now commonly used for fittin all impurity specip.

Once the as-grown material was characterized, five samples (flP (ARS), 0745

(VDP), 1093 (VDP)I, 0746 (PC), and 0747 (PC)) were irradiated with I tMeV electrons.

After irradiation the donor concentration of the van der Pauw samples 0745 and 1093

increased as expected (References 1, 2) by a factor of about 0.01 of the fluence

(Fiqure 4). Similarly, if a comparison is made between the indium-X level samples

'130 and 1120, as-grown, and 1093 after electron irradiation, the concentration of

This species also increased by approximately 0.01 of the electron fluence. Figures

6, and 7 compare the Hall results for these three samples (1130, 1120 and 1093).

The absorption (ABS) measurements showed little difference before and after

irradiation. Photoconductivity (PC) measurements were made on sample 0746 ..
approximately three months after it was electron irradiated. Normally,

photo-thermal ionization spectra of doped silicon are collected in the 7K to 25K ."

tcmperature range. However, no Fourier transform photoconductivity data could be

.-l lerted on this sample at these low temperatures. Instead the spectrometer system

showed ar alarm status of an A/D overflow. This alarm can be triggered by one of

three conditions: a) the AC signal is greater than ±9.6 volts, b) there is too

* larqe of a DC offset in the signal, or c) there is an excessive amount of noise in

*-~the siqnal. As the sample was allowed to warm up above 30K this alarm went away and

a very noisy interferogram appeared, so condition c must have triggered the alarm.

Between 40K and 65K the interferoaram improved and data was collected. This data

showed a typical Si:In response. Afterwards the sample contacts were checked to

make sure that non-ohmic contacts were not the cause of the low temperature noise.

The contacts were found to be ohmic. "

ISample 1093 was electron irradiated at a later date.

9
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The next step was to anneal the electron irradiated samp.es at 350'C for 30

minutes to increase the In-X level. Samples 0745 (VDP), 0747 (PC), 0208 (ABS) were

annealed; the electron irradiated PC sample 0746 was left at room temperature. Once

Hall, PC and absorption measurements were taken, samples 0745, 0747, and 0208 were

annealed at 550'C for 24 hours. Again Hall, PC, and absorption data were collected

on the annealed samples. According to the Hall data, the first anneal at 350'C had

little effect on either the donor or indium-X level concentrations (Figure 8). The

second anneal at 550°C returned both the donor and indium-X levels back to approxi-

mately the same concentrations found in the as-grown material (Figure 9). However,

the indium-X level was no longer over-compensated. These results are in good

agreement with previous electron irradiation and annealing studies of Si:In

(References 1, 2). The absorption data on the annealed sample (Figure 10), also

showed little change when compared to the as-grown data. A summary of the Hall and

3bsorption measurements is given in Tables 2 and 3. Before annealing, the

photoconductivity spectra of sample 0747 showed only the Si:In photoionization cross

section with no indium excited state lines. After the 350C anneal, the PC spectra

showed all ten indium excited state lines and an increase in the overall

photoresponse. This indicates that most of the lattice damage was removed by this

anneal. Also after this anneal, some boron response was present as indicated by the

2p' line of boron at 668 cm- . The boron spectrum of 0747 was even stronger after

the 55j0 C anneal, as would be expected from the lower donor concentration after this

anneal (Figure 11). And again there was an overall increase in the photoresponse of

the sample with this anneal. In addition to the change in the magnitude of the

photoresponse, there was also a change in the rate of increase of the indium

continuum response with increasing temperature. Prior to annealing, the continuum

responce remained relatively flat with increasing temperature. After the 350C

anneal. the continuum response doubled in magnitude over the temperature range from

8K to 25K. Similarly, after the 550'C anneal, the magnitude of the continuum

response nearly tripled over this same temperature range. The 550C annealed sample

h~d a rite of change of continuum response with temperature that was very similar to

other unrelated as-grown Si:In swnples (Figure 12). The maximum temperature the

sample could be run at before a significant DC current interfered with the data

collection was 27.5K. This was in agreement with several other Si:In samples from

other boules and manufacturers which had previously exhibited this same behavior

around 22 to 30K. This phenomenon made the unannealed electron irradiated sample

0746 seem unusual since good data with no DC offset had been collected between 40K

and 65K.
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Figure 8. Carrier Concentration Versus 1000/1' for Sample 0745 after a 350%C
Anneal for 30 Minutes in a Flowing Argon Atmosphere
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TABLE 2

SUMMARY OF THE HALL CONCENTRATIONS AND ACTIVATION ENERGIES OF IMPURITIES BEFORE
ANJD AFTER ELECTRON IRRADIATION FOR ALL FOUR CZ Si:In SAMPLES

ND3NnEIn NInX 3  ElnX
* Sample Treatment (cm ) c-)(eV) (cm ) (V

a14 16 14
CZ5 A-gow 20810 1.52x10 0.166 1.9x10 0.120

(130)
a14 1614CZSi:Ina As-grown 2.82x10 135l 0.165 2.52xl0 0.120

(1120)
b 14 16* CZ Si :In As-grown 2.64x10 2.59x10 0.156- -

(0745)
SiIC Atr117 2 15 1615

CZ S:n Atr1 e 1cm 5.64x10 1.27x101  0.152 4.57xl0 0.1125
'0745)

a 1cm 2 .3x 15  1.81 16  0.5 2
CZ Si:Ina After 101 2 c .7l .8l 0.165 3.12x1O1  012
(1093)

SiIc Anae52115 16 0.5 8115
CZ SiI neld55xO 1.35x10 016 .0l 0.1125
(0745) 30 minus/350'C

CZ Si:In C Annealed 1.77x10 14  1.9810O16 0.157 2.2310O14 0.1125
N (745) 24 hrs/550'C

a , = n 4 , Empirical rH/ (Reference 10), Temperature dependent mass (References 8,9)

b 9 = r H =1, Barber mass ~

c 9I =6gInX =2 , rHt 1 (Reference 10), Temperature dependent mass (References 8,9)

TABLE 3

COMPARISON OF IMPURITY CONCENTRATIONS DETERMINED BY INFRARED ABSORPTION FOR SAMPLE 0208
AS-GROWN AND AFTER ELECTRON IRRADIATION AND ANNEALING

Imprit orAs-Grown 5500CLi
Dopant

In 3.8 x 101 3.8 x 1
In-X ---- not detected

B no data 2.8 x 103

C 7 x 101  7 x 1
0 6 x101  6 x101

Concentrations given in atoms/cm 
3

18
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Figure 11. Photoconductivity Spectrum of Sample 0747 after 550
0C Anneal
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Figure 12. Relative Temperature Dependence of Indium Continuum for Electron
Irradiated and Annealed Si:In Samples
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Recause of this unusual behavior, photoconductivity measurements on 0746 were

repeated to check the temperature range over which data could be collected before a

DC current appeared. After annealing for six months at room temperature, the

operating range of 0746 was from 7K to 65K. After another year of room temperature

annealing the operating temperature range of 0746 was from 7K to 82K. Over this

temperature range there was little increase in the indium continuum response with

temperature (Figure 12), and the signal to noise ratio remained fairly constant up

to 60K (Figure 13).

To find out if this anomalous behavior of sample 0746 had any significance for

Si:In infrared detector materials, this sample was taken to the Infrared Devices

Branch of NOSC at San Diego. At NOSC, signal and noise measurements were conducted

usinc a 500K blackbody source and a sample bias of 52 volts over a length of 0.5 cm

between contacts. The resulting signal and noise levels measured at a frequency of

108hz, in a temperature range from 20K to 80K, are plotted in Figure 14. The unusual

* noise versus frequency data of this sample is shown in Figure 15. The noise measure-

* ments were unusual because of the decrease in the amount of noise at 70K and the

humped shape of the 50K and 60K noise curves.

Jsing this signal and noise data at 108hz, the resulting D* versus temperature
A

curve is shown in Figure 16. The increase in D* at 70K is caused by the drop in the

measured noise level at 70K. Recent theoretical modelling of counterdoped detector

" systems produced a graph (Fiqure 17) similar to this experimental data. In the

model the peak at 75K is also caused by a decrease in the amount of thermal noise.

This decrease results when thermally emitted holes from the In-X level are

* recaptured by the deepor indium and divacancy centers. Above 75K, holes begin to be

thermally emitted from the indium level. The theoretical model is more fully

explained in the Appendix. A similar D* versus temperature curve (Figure 18) was

also observed by Rockwell International for a Si:Zn detector (Reference 13).

However, the hump in the Si:Zn data is caused by a rise in detector signal, and not

by a drop in the noise level. Although the peak at 70K for Si:In was encouraging,

in general the D* of this sample was an order of magnitude lower than the

.] dptectivity curves of several Si:In samples grown and measured by Hughes Research

Laboratories (Reference 14). Because NOSC had difficulty with biasing and measuring

the signal of such a large Si:In sample (0.3 cm X 0.5 cm X 0.1 cm), a new set of

m samples was fabricated with a more preferred configuration of 0.1 cm x 0.1 cm x 0.1cm.

r* (500K) was converted to D* (6.4m) by multiplying by a factor of 3.

21
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Figure 14. Signal and Noise Levels Measured at 108 hz for Sample 0746
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While the new set of samples were being prepared, an as-grown sample frrm the

-,,me wafer was cut for photoconductivity measurements for comparison with the data

from the furnace annealed and room temperature annealed electron irradiated samples.

A typical spectrum of the as-grown sample (1043) is shown in Figure 19. Tt was

anticipated that the as-grown sample would agree with the 550 0C annEal data.

Instead sample 1043 had an operating range of 7K to 82K similar to the room tempera-

ture annealed electron irradiated (NICE TM ) sample. However, the rate of increase in

the continuum response with temperature was much greater for the as-grown sample

thar for the NICETM sample. The maqnitude and rate of change in response is in

aoreement with the temperature dependence of the 550'C annealed sample (Figure 20).

Still, There is a marked difference in the temperature dependence of these two

samples above 20K.

LjU, to this point it was thought that the electron irradiation had produced the

*- 4fect that allowed PC data to be collected at temperatures a~ove 30K. There were

several papers (References 15, 16, 17) that indicated electron irradiation of doped

silicon could produce infrared detectors with higher operating temperatures, up to

100K. In all three papers on electron irradiated Si:B a peak at 44m was observed in

the photoionization cross section corresponding to the 0.20 eV divacancy level. The

proposed mechanism behind the effect of irradiation on Si:B involved a counterdoped

system consisting of the radiation induced divacancy donor level and boron

(References 18, 19). Hence, the name New Improved Counterdoped Extrinsic (NICETM)

was qiven for the room temperature annealed, electron irradiated sample. With the

unusual temperature dependence of the as-grown sample there came some doubt about

whether electron irradiation produced counterdoping was the appropriate explanation

-or the behavior of the NICETM sample. However, a comparison of the NICETM and the

as-grown photoionization cross sections (Figure 21) does reveal a slightly greater
TM

response around 4pm for the NICE sample (although weaker than the peak observed in

Si:B). At the least the electron irradiation increased the number of donors suf-

-iciently to reduce the boron P band response (Figure 22) as compared to the

as-grown sample.

At this time, the new sample set of as-grown and electron irradiated Si:In

cubes (0.1 mm x 0.1 mm x 0.1 mm) were ready for photoconductivity measurements.

Three cubes of each material were mounted on a beryllium oxide slab to form a mini

detector array. Photoconductivity measurements were made on the center cube of each

28
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Figure 19. Photoconductivity Spectrum of As-Grown Si:In Sample 1043
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* array. These measurements agreed well with the previous PC measurements made on the

larger sample% (0746, 1043). These arrays were then sent to NOSC for infrared

detector measurements. Signal and noise measurements were made on the electron

*. irradiated array for 8K to 80K, at bias of 45 volts and a frequency of 108hz (Figure

23). The results of the noise measurements versus frequency are shown in Figure 24.

As these curves show, the new set of samples did not exhibit the unusual behavior of

the previous NICETM sample at 70K. Using these new measurements the D* versus
TMtemperature for NICE was calculated and graphed in Figure 25. The value of D,

from 8K to 60K, is still an order of magnitude lower than other Si:In infrared

detector materials. However, when compared to the results of the as-grown Si:In

array, this fl magnitude and operating temperature range is quite remarkable. The

as-grown array became extremely noisy above 15K and the detectors broke down at

about ?2K. Although at 20K the responsivity (amps/watt) of the as-grown detectors
was ovrr 400 times greater than that of the electron irradiated detectors, the D* at

20K for the as-grown was only 3.24 x 108 whereas the value for NICE T M was 2.27 x

i01. Clearly the electron irradiation greatly improved the noise level even though

it decreased the responsivity somewhat. This decrease in the responsivity is

probably caused by the increase in the number of donors after irradiation. As seen

previoisly in the PC data, one large difference between the as-grown and NICETM

samples is the size of the boron response. At NOSC there was very little signal

beyond eight microns for the NICETM samples. However, the as-grown samples

exhibited a large response out to 20 microns. This longer wavelength response is

due to the presence of boron, as demonstrated by comparison to our PC measured

response (Fiiure 26). It is this large number of uncompensated boron carriers which

causes the as-grown detectors to break down around 20K.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

Based on the NOSC detector measurements and WPAFB photoconductivity data, the

electron irradiation of Si:In causes a change in the temperature dependence of the

photoresponse and in the level of noise generated by thermal carriers. The mech-

anism for these changes is not clearly understood. The Hall effect and infrared

absorption datL detected no unusual behavior for the electron irradiated material.

The Hall data "predicts" that the electron irradiated material should have a temper- -___

ature dependence similar to the as-grown starting material since boron and indium-X

are overcompensated in both materials. The infrared absorption data also showed

nothinq different between the electron irradiated and as-grown materials. Hence,

these measurements give no indication of which material parameter was changed by

irradiation to improve the detector operating temperature.

However, a comparison of Hall and infrared absorption data does bring up some

interesting points. For instance, according to Hall data the indium-X level is no

longer overcompensated after the 550'C anneal and should be optically active (Table

* 4). But the indium-X level is not seen optically after the 550C anneal. This is

probably because the optical cross section of In-X is too small to allow detection

" of concentrations as low as 2xlO1 4 (atoms/cm3 ). Similarly, boron is overcompensated

according to the Hall measurements, and yet boron is seen optically by absorption

and photoconductivity (WPAFB and NOSC). Boron is optIcally active because carriers ..

excited from the indium level are recombining with the compensated boron centers

. (Reference 20). These comparisons show that the electrical and optical data comple-

I* ment each other in providing information on the active levels in the material. I

In addition, the photoconductivity and infrared detector measurements are in

. good agreement that the electron irradiation of Si:In did increase the operable

temperature range of the detector as compared to the as-grown material. In both

sets of measurements there was the same flatness of the photoresponse with increas-

ing temperature, up to 65K, for the electron irradiated NICETM samples (Figure 20).

" Also both sets of measurements on the NICETM samples found the breakdown of the

detectors due to thermal noise to occur around 85K. The agreement for the as-grown

materiil measurements was not quite as good. The detector measurements found
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TABLE 4

COMPARISON OF IMPURITY CONCENTRATIONS (atoms/cm
3) DETERMINED

BY HALL AND INFRARED ABSORPTION MEASUREMENTS

IMPURITY HALL ABSORPTION

OR
DOPANT AS-GROWN 550C AS-GROWN 5500C

Indium 1.52 x 1016 1.98 x 1016  3.8 x 1016 3.8 x 1016

Indium-X 1.92 x 1O14 2.23 x 1014 --- ---

Boron -- --- no data 2.8 x 10.'

Donors 2.08 x 1014 1.77 x 10.14 -- .-.

Carbon --- --- 7x101 6  7 x 101 6

Oxygen --- --- 6x1017  6 x 017

thermal breakdown to occur around 22K for the as-grown material. The

photoconductivity measurements indicated a much higher temperature than 22K. This

disagreement over how quickly the noise sets in may be due to the larger boron

response measured by NOSC (Figure 26). Overall there is good agreement between the

two types of measurements.

The most striking result from the study of electron irradiated Si:In was the

-etectivity versus temperature data. Though the magnitude of D* was an order of- - peak

magnitude lower than typical Si:In detector materials, the change in D* with
peak

increasing temperature was slightly better than these materials, and a great deal

better than our pre-irradiation material. Improving the magnitude of the

photoresponse by starting with material with a larger concentration of indium and a

lower concentration of donors could make the magnitude of the detectivity more

. attractive. Unfortunately, there was no Si:In material available with the optimum

. concentration range to electron irradiate and then check for improvements in the - .-

detectivity. However, our non-optimized results do show promise for extending the

Si:In detector operating temperature range.

39
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Based on the detectivity measurements for this one wafer of Si:In, it appears

that electron irradiation could be a means of creating higher operating temperature

extrinsic detectors. To verify this we would recommend several research projects.

On ? project would be to repeat our experiments using a Si:In starting material with

a more optimum concentration of dopants, i.e. 2 x 1017 atoms/cm3 of indium and less

than 1014 atoms/cm3 of boron and donors. Another project would be to electron

irradiate a Si:Ga wafer. This would serve two purposes. First, it would check on

tne advantages of electron irradiation for improving the operating temperature of

Si:Ga detectors. And second, since the optical cross section of Si:Ga peaks at

S5 m, the electron irradiated Si:Ga photoresponse could shnw a more definite cross

[] section peak at 4Pm if counterdoping is occurring. Another project would be to

exper',ern with various electron fluences and possible low temperature annealing to

nntirrize the effects of electron irradiation. Overall, the electron irradiation of

Si: n has prover to, be a fascinating system to study.

IL
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APPENDIX

PERFORMANCE MODEL OF A COUNTERDOPED DETECTOR

This appendix deals with the detectivity calculation of indium doped p-type

silicon detectors. It is assumed that the concentration of indium is

NAI = 2.5 x 1016cm3 and that of the In-X centers is NA2 = 1.07 x lO1 5 cm- 3 . The%

donor density is ND = 2.49 x l01 5cm-3. Two parallel calculations will be con-

ducted. In one the donors will be of the usual sort, that is, close to the

conduction band edge and totally compensated. The second calculation will be for

deep donors such as the divacancies with the energy level 200 meV above the

valence band edge.

In either case the detector is taken to be at temperature T and is exposed
13 2to the background radiation flx@ 03photons/cm2-sec, simulating the...-.

to he ackroud rdiaionflux B =101phtn/m-esuligte
experimental conditions for sample 099-272 in the body of the Technical Report.

The generation of charge carriers can occur by absorption of a photon, with energy

hv, or by absorption of a quantum of lattice vibration, i.e. phonon with energy Iw.

For neutral acceptors the absorption process

N 0 + hv(-fiw) - N + h(Al)A

produces an ionized acceptor center and a positively charged hole in the valence

band. For positively charged donors the absorption process

+ hvow) ND + hv (A2)

results in a neutral donor and a hole in the valence band. The valence band holes

can be swept out by the applied field and constitute the current. There is also

an inverse process by which the holes recombine with the centers. The two processes

are

N + h N (A3)

neutralizing the acceptor, and

0 +ND + hv ND  (A4)
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which compensates the donor. Both Equations A3 and A4 are accompanied by

liberation of energy, most likely in the form of phonon emission. It is assumed

that Equations A3 and A4 are the primary lifetime-limiting mechanisms operative

in the detector.

In order to calculate the detector figure-of-merit figures one must solve

the rate equations appropriate to the detector. The rate at which neutral

acceptors, either In or In-X, are produced is given by

Ev-EA

NA pBN- N A A>- 0  A kT
N o N B e , (A5)

t - PA NA N ANA A NV e (A5)

where

= Degeneracy of the acceptor level

B The recombination coefficient for the process Equation A3
A

-4 1.5 cm3
taken to be 6 x 10 /T sc

p Hole conce; tration

NA,NA Total acceptor, neutral acceptor, and ionized acceptor concentrations

7 = The peak photoabsorption cross section for the acceptors, taken to be

1.8 x 10-15cm2

: Photon flux (photons/cm -sec)

N = Effective density of states in the valence band

EA = Ionization energy of the acceptor level, 156 meV for In and 112 meV

for In-X. - S_

For each acceptor level

NA= N +N , (A6)
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so that in the steady-state

aANANA -- AA (A7)

where

E -EA
NV kT A A
NV e + (A8)

A B

Similarly we can write the rate equation for the formation of ionized donor

centers as

SN Ev-ED
D0kT + +,.- .'

at - BDpN D  gDBDNve ND - ND <aDe> , (A9)

where the physical constants have the same meaning as in Equation A5 but in

relation to the donor level. We take g,=2, OD=5.4xlO 1 6 cm2 , and BD=6xlO /Tl 5 cm3sec -

for sake of concreteness. Note that BD is million times smaller than BA since the

hole capture rate by neutral centers, process (Equation A4), is much less likely

than the capture by negatively charged centers, process (Equation A3). In steady

state

+= NDP (AlO)ND + p
•-

where

EV- ED

kT +( D€>
D NVgDe B (All)

If the donor level is near the conduction band then the exponential in Equation All

is practically zero and the absorption cross section is zero at infrared wavelengths.

Therefore, for simple donors, like phosphorus

N N (A12)
D ND.
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For divacancies with ED-EV 200 meV this is not necessarily so and the donors

play an active role in the charge balance equation.

The charge balance equation

N + N P + ND  (A13)
A 1  A 2  D

with Equation A7 for N and Equation AlO for N gives rise to the quartic
AD

equation for p:
4 3
4 + A + A + D + N D)

1 2

2 (( " + aA"D +A cc DcA (D-NA )cA(ND-NA)
1 2 1 2  1 1 2 2

+ pAAA (N+ - A N (aA +aD)]
I'A2 11D I 2 A2 1"a

- ,AI tA2 D(NA +NA2) : 0 (A14)
1 2 1 2

if N N for the conventionally compensated detector, then Equation A13 gives
DOD

rise to the cubic equation for p:
3 p2
pD + (N+ aA + cA ) + PaA - aAI(NA ND)A (NA -ND)]

1 2 1 2 1 1 2 2

It A - N - N 0= (A15)A2 (ND - A2

The different forms of Equations A14 and A15 are the result of the fact that the donor

in Equation A14 actively exchanges holes with the valence band while in Equation A15

the donors are mere "spectators" of the processes involving acceptors only.

Equations A14 and A15 can be solved for p given the doping conditions,

temperature, and the background flux. The figures of merit for the two types of .

detectors are calculated using the methods explained in detail by McGuigan,

Szmulowicz, and Hemenger (Reference 21). The responsivity is shown to be -

R(A16)

and the detectivity is proportional to

I .1

D* 0 (A17)
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The detectivity of the conventionally compensated system and of the NICETM

detector were shown in Figure 17. At low temperatures (without the background

flux on) the donor electrons compensate the shallowest acceptors. With the

background flux on, electrons from the valence band are promoted to the

deeper indium acceptor levels and to the divacancy levels in the case of the

deep donor. This results in largely neutral In-X, compensated In, and largely

neutral divacancy levels. At low temperatures (before thermal ionization of .

In-X) the main noise mechanism in the detector is the background radiation

induced generation-recombination noise. The detector is then background limited

resulting in a flat, temperature independent detectivity versus temperature plot.

As temperature increases, holes are thermally emitted by In-X which increases

the thermal contribution to the generation-recombination noise. In the con-

ventional doping scheme some of these holes are recaptured by the negatively

charged indium centers. This has the effect of repairing the detectivity

slightly which explains the slight shoulder at about 50K in Figure 17 for the

conventioral detector. Subsequently, indium itself is thermally depopulated ,-, .

which leads to the sharp thermal rolloff above 50K.

In the deep donor counterdoping scheme both the ionized indium and the

neutral donors act as effective hole sinks for the holes thermally emitted

by the In-X levels. Therefore, above 50K this type of the detector should

tend back toward the background limited behavior since In-X becomes exhausted of

holes which now reside on much deeper centers as the temperature is increased ri:
beyond 75-80K range in Figure 17. Since many holes have been captured at the

relatively deep donor level the thermal rolloff due to indium is delayed toward

higher temperatures where the donor level becomes saturated with holes captured

from the valence band, i.e. ND ND. At this temperature the thermal rolloff

becomes evident.

Figure 17 displays a high temperature peak similar to that measured for

the NICETM detector. The model described in this Appendix relies on many para-

meters which may or may not have been realized in the NICETM sample. The least

known numbers are the recombination coefficients B. Choices of these parameters .
' 4

were reasonable orders of magnitude estimates. To within liberal variations of
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these parameters the qualitative behavior of D* in Figure 17 is still valid. In

particular, it is a/B which has to be reasonably estimated rather than a or B

alone (see Equations A8 and All).

In conclusion, the model described herein simulates the experimental

conditions as we know them and produces the detectivity curve similar to that

measured for the NICE T M detector. Further experimental data is necessary to

verify assumptions in the model for a more positive correlation between experiment

and theory.
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