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ABSTRACT 

A theoretical and experimental program to determine 

tlie feasibility of various semiconductor systems for use 

as infrared quantum counters (IRQC) has been developed. 

A particular system, GaP:ZnO, was studied. The theoretical 

study consisted of calculating the efficiency (~60%) , the 

detectivity (1.54 X 10° W"-*-) and other pertinent parameters 

as outlined in the appendixes. This study showed that 

theoretically the prospects of using this type of an 

impurity system for an IRQC were favorable. The preliminary 

theoretical study was followed by actual testing of the 

IRQC to determine agreement with predicted operation. The 

coincidental irradiation of the sample with infrared and 

pump signal produced an enhancement of flourescence, thus 

verifying the principle. Our data demonstrates that the 

ZnO level in GaP shows the possibility of being a very 

sensitive and efficient infrared (IR) detector to a broad 

band of IR (near IR to 20 microns), with a rise of less 

than 100 nsec. The inherent properties of IRQC's indicate 

low noise levels are possible in these types of detectors, 

making GaP:ZnO and other similar systems very attractive 

candidates for further investigation. There is a definite 
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possibility of exceeding present state-of-the-art device 

characteristics with further experimentation. 

The experimental verification resulted in the 

development of a unique laser spectroscopy facility, 

incorporating both visible and far infrared lasers. The 

available dye laser is tunable from the blue to the near 

infrared by selecting the proper dye. The IR lines 

available range from the near IR to far IR. This facility 

will allow for the further study of IRQC systems and other 

related recombination processes that are at present not 

well understood. 
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CHAPTER I 

INTRODUCTION 

The investigation of rotational spectra and 

astronomical sources, infrared microscopes, information 

processors, displays and various test equipment all depend 

on sensitive infrared detectors. Improving equipment for 

these and other infrared applications necessitates develop

ment of new, more sensitive IR detectors. The need for 

detection of low level IR signals suggests the investiga

tion of IRQC systems because the theoretical lower noise 

level approaches zero. The output fluorescence is usually 

measured by a photomultiplier tube which in effect places 

limits on the lower noise level (~10 watts/cm ). This 

is much more sensitive than a good photovoltaic IR 

detector. 

Investigations of various IRQC schemes have been 

carried out with varying degrees of success by several 
1-3 

groups. These groups studied rare earth doped alkali 

halides. More recently, QC action has been demonstrated 

in impurity doped semiconductors. In attempting to 

develop new IRQC systems, a major consideration is the 

efficiency of the suggested system. It has been shown 



that certain impurity levels in semiconductors can exhibit 

very efficient luminescence even at room temperature. The 

exact kinetics of these levels are in many cases not well 

understood and a complete study of the IRQC scheme could 

entail investigation of fundamental properties which govern 

the kinetics. 

The feasibility study consisted of two parts: 

(1) a theoretical study including the calculation of the 

basic parameters important to IR detectors, i.e. detec

tivity, lower noise level, bandwidth, etc., and (2) an 

experimental study, which required organizing laboratory 

apparatus for the study of semiconductor properties related 

to the IRQC research. The theoretical calculations also 

include parameters associated solely with IRQC schemes. 

This facility is also useful for the study of other 

recombination mechanisms and related properties of semi

conductors . 



CHAPTER II 

BACKGROUND 

Most of the infrared detectors in use today can 

be classified into four major groups: (1) Thermal 

Detectors, (2) Chemical Detectors, (3) Quantum Detectors 

and (4) Frequency Converters. Each class of detectors is 

advantageously suited for certain applications and each 

has many uses and variations. A detailed consideration of 

each class is well beyond the scope of this paper and only 

a brief summary will be given for comparison to the IRQC 

scheme, 

The comparison of different types of detectors can 

be attempted by considering certain common parameters. 

Four important parameters used to specify detector 

performance are Noise Equivalent Power (NEP), D-star (D*) , 

Responsivity (R) and efficiency. These parameters are 

interrelated and are defined as follows: 

1. NEP = The magnitude of input signal necessary 

to cause a rise in detector output that is equivalent to 

the detector noise level, 
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2. D-star = l/NEP(A^Af)'^ (1) 

where A^ is the area of the detector and Af is the chopping 

frequency, 

3. R = A measure of a detector's ability to 

convert an input signal into an output signal. 

R = rms output/input signal = (D*Vĵ ) / (a^Af) (2) 

where V is the rms noise voltage and Af is the bandwidth, 

4. Efficiency = The basic definition of efficiency 

is 

n = (no. of incident photons)/(no. of output photons) 
(3) 

when considering IRQC's. This definition of efficiency 

can be modified to apply to different types of detectors. 

These parameters can vary with the operating 

conditions and characteristics of the detectors, such as 

area, temperature and bias voltage. Also for certain 

applications, the physical construction of tlie detector 

may prove to be its most important advantage or limitation. 

1. Thermal Detectors operate by measuring a 

physical characteristic of a component which varies with 

temperature. This is probably the largest group of 

detectors and includes thermometers, pnuematic cells, 

evaporating cells and bolometers. The bolometer used in 

IR astronomy is sensitive to any wavelength of IR, with a 

9 2 -1 i' 
detectivity approaching 10 cm watts hz ̂  for the 

middle IR. Bolometers exhibit a large amount of low 



frequency noise due to bias voltage and are relatively 

s low. 

2. Chemical Detectors such as photographic film 

are also relatively slow and exhibit random noise due to 

film grain size, etc. The use of photographic detectors 

require constant refrigeration or other methods of 

preventing premature exposure and available film is 

sensitive only in the near IR. These limitations make 

this detector useful only in special applications. 

3. The Quantum Detector operates by the action of 

photon raising an electron to the conduction band, thus 

creating a free electron. The three major types of 

quantum detectors are photoconductive, photovoltaic and 

photoelectromagnetic. The response time of these detectors 

can be less than 3 nsec and a detectivity approaching 
12 ^-^ -1 

10 cm Hz^ watts can be obtained by increasing the 

response time. The above characteristics cannot be 

obtained simultaneously. A full treatment of this type 
1 r 6-8 of detector is presented m several references, 

with this type of device being used extensively in 

experimental research. 

4. Frequency Converters include all IR detectors 

which convert the impinging IR signal to a higher 

frequency signal. The processes used for upconversion 

include luminescence of phosphor and other compounds. 



secondary emission, refractive index changes and nonlinear 

optical susceptibility. Efficiences of 251 for ZnCdS:Ag,Ni 

at 9 microns have been achieved. 
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CHAPTER III 

INFRARED QUANTUM COUNTER 

The basic infrared quantum counter (IRQC) was first 
9 

proposed by Bloembergen in 1959. This proposed device 

has been demonstrated experimentally by a number of 

groups ' including Esterowitz, et al. Esterowitz et al. 

developed rare earth IRQC's which detected IR from .71 to 

2.7 microns with a measured external quantum efficiency of 

10 and a sensitivity of 10" watts/cm at 1.75 microns. 

The basic operation of the IRQC can be understood 

by considering a simple three level system (Fig.l). The 

incident IR signal populates level 2 where an intense 

pump source futher excites the particles to level 3. The 

final level decays radiatively producing a signal in a 

region where a highly sensitive means of detection exists. 

Theoretically, at low temperature the pump will not excite 

any particles into the upper state without the IR signal 

so that the lower limit of the device noise will be 

determined by the photomultiplier tube or other detection 

device. The analysis of the IRQC is normally approached 

by the use of rate equations as in Appendix A. 

8 



As a result of interest in GaP as a light emitting 

diode a variety of samples with varying dopants and doping 

concentration are available. The high radiative quantum 

efficiency of some impurity levels in GaP suggests it 

might be fruitful to attempt to use the impurity levels as 

the basis for an IRQC. GaP can be doped with a variety of 

impurities, producing a large number of impurity levels as 

shown in Fig. 2. Studies of one impurity related fluores

cence band, the ZnO exciton recombinations in GaP, were 

carried out in some detail by researchers at Bell 

Laboratories. Because of its high radiative efficiency, 

we investigated GaP:ZnO as a possible IRQC. 

The GaP:ZnO exciton level is formed by a deep 

oxygen donor (0.83 eV at 300°K) and a shallow (.036 eV at 

300°K) zinc acceptor which form an "isoelectronic" trap. 

The oxygen donor substituting on P sites exhibits emission 

in the near infrared, with the zinc acceptors added the 

resultant ZnO exiton level exhibits emission in the red 

region making it useful as a light emitting diode. The 

nearest neighbor Znĵ  -0p_ complex will bind an electron 

and then by coulombic attraction capture a hole and thus 

form an exiton. Recombination of electrons and holes then 

result in efficient luminescence over a broad band. The 

band of luminescence extends from approximately 1.7 to 

1.9 eV (6500 to 7300 A ) , with the band tending to shift to 
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lower energy at higher temperatures. The broadening of the 

band is attributed mainly to interactions between phonons 

and deeply trapped electrons. The mechanisms and 

characteristics of this system have been considered in 

great detail in references 8 through 19 and these papers 

should be consulted for an in-depth treatment of GaP:ZnO. 

The low noise characteristics of the IRQC makes 

it attractive for detecting low level infrared signals. 

Effectively upconverting the incident infrared signal into 

the visible range requires the use of a highly efficient 

system for the IRQC. The high efficiency of the GaP:ZnO 

system along with its fast decay time (10 to 100 nsec) 

also suggest its use in an IRQC scheme. Converting 

infrared radiation into the visible region where highly 

efficient detectors are available with the GaP:ZnO system 

could provide a new detector which is more sensitive than 

present commercial detectors (Appendix D and E). 
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CHAPTER IV 

THEORY 

7 

Following the procedure of Jayson et al. a 

theoretical efficiency of approximately 60% (Appendix A) 

is obtained for the ZnO exciton level luminescence at 4° K. 

Predicted and measured characteristics of this system are 

given in Table 1 and 4 with detailed calculations in the 

appendixes. 

With the predicted and demonstrated results, this 

type of IRQC system has the possibility of being a very 

sensitive detector. The exact range over which this 

system is sensitive has not yet been determined experi

mentally, but it should be sensitive in theory to at 

least 19 microns. It should also be noted that by using 

different dopants similar systems have been developed 

where the acceptor, donor and exciton levels are shifted, 

thus indicating that the range of the system might be 

extended further into the infrared by selecting different 

dopants . 

This type of system suggests uses where the 

detection of the original IR image is desired. The 

infrared image could be observed by using a large section 

12 
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of material to convert the infrared signal to a visible 

output. An array of chips could also be used to accomplish 

this with the "analog" IR image being converted into a 

"digital" visible image. The quality of the visible output 

will depend on the number of times the image is sampled 

(chip spacing) and this system could be developed from 

image processing considerations. The major obstacle to 

this system is the requirement of an incident pump source 

and for a usable device some type of compact system would 

have to be developed. 

The low background noise characteristics of this 

system also suggests its use in a night surveillance 

system, in which the IR signal would be converted directly 

into a visible output for viewing by an observer. The 

direct viewing system would do away with the PMT and take 

full advantage of the low value of predicted background 

equivalent flux. The specific system studies herein does 

not lend itself strongly to this application, however with 

the multitude of similar systems available it is not 

unreasonable to suspect that a compact system could be 

developed. 

The inherent low noise level along with the 

predicted efficiency and detectivity could make this IRQC 

a viable device for detecting low levels of radiation. 

The applications for a sensitive detector are numerous. 



14 

TABLE 1 

GaP:ZnO CHARACTERISTICS 

ZnO Hole Level E^ 

Parameter Value Ref 

External Efficiency .9 (predicted) 10 
.1(measured) 

Exciton Decay Time T 4X10" ̂  (1+. 6e" ̂-'-• ̂/'̂ ^ 

1 + 6.86e"̂ -̂̂ /'̂  19 

T0^(E0/EJ^3 (14 to 46 nsec) 14 

T° 100 nsec 14 
xr 
Pair Decay Time T 3 ysec 19 

ZnO Electron Trap 
Capture Lifetime Oĵ-j- * ̂ ^ ̂ ^th^nt^t ̂  18 

ZnO Electron Level E^ 1.8 eV 18 

2 2 meV 19 

Zn Acceptor Level E^ 50-60 meV 19 

64-3 10"^ N / / ' 18 
A 

ZnO Electron Trap 
Capture Cross 
Section Q^^ 2X10"^^ 14 

ZnO Flole Trap 
Capture Cross _-.̂  
S e c t i o n Op^ 3.6X10" 14 

Zn Accep to r Cone. N lO''-'' t o lO''-^ cm~^ 19 

ZnO E x c i t o n Cone. N^ lO"'-^ t o 10^^ 
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however, the pump source could limit the usefulness of the 

device in some applications. In the field of infrared 

astronomy, the need for detectors sensitive to a large 

range of IR suggests further study of this system to 

determine if it could be applied effectively in this 
7 D 

field. Esterowitz et al. noted that at room temperature 

the thermal background equivalent flux of an IRQC system 

14 7 

m theory could be less than 10 watts/cm with a 1 

micron IR source. This value can be lowered substantially 

by operating at low temperature. In an article by 
21 Strecker and Ney, a Ge:Ga bolometer was used in a system 

exhibiting a noise signal equivalent to 2.5X10 W/cm 

(micron) at zero input magnitude with a 1.3 micron signal. 

The actual low temperature background limitation of the 

IRQC system is due in this case to the dark current of 

-16 7 

photomultiplier tube (-10 watts/cm^). The IRQC system 

thus shows the possibility of having several orders of 

magnitude lower background noise than existing IR 
astronomy systems. 

The IRQC system has been demonstrated as a useful 

1 2 4 2 2 2 3 tool, » » » "̂» in studying radiative and nonradiative 

processes in various materials. The investigation of 

recombination processes, lifetimes, efficiency of impurity 

levels and other semiconductors properties by quantum 

counter spectroscopy gives a unique and sensitive method 
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of studying semiconductor characteristics. Successful 

demonstration of upconversion in this case indicates that 

other similar systems could also be studied by quantum 

counter spectroscopy. The study of semiconductor 

processes through the use of quantum counter action thus 

could provide a useful means for verifying existing 

results or for obtaining new and more accurate data. 

The quantum counter system developed herein 

represents a new type of IR detector that has the 

possibility of being more sensitive if not less compli

cated than presently available detectors. The best IR 

detector at 10 pim is capable of detecting approximately 

400 photons. Successful development of the IRQC would 

allow detection of less tlian 10 pliotons, a factor of 40 

improvement in the state of the art. 



CHAPTER V 

EXPERIMENTAL 

The experimental apparatus is shown in Fig. 3. 

The IRQC pump signal is produced by a student built dye 

laser with dye solutions on hand to allow continuous 

tunability from 5200 to 6800 nm. The ultraviolet dye 

laser pumping source is a Molectron UV400 N2 laser with 

output power at 3371 A in excess of 400 kv\? and a pulse 

length of approximately 7 nsec. The dye laser output power 

varied with the dye solution and wavelength, but in all 

cases compared favorably with available commercial units. 

The IR signal is provided by a student built 7 m longitu

dinal discharge laser. The sample is cooled with a 

Model LT-3-110 Liquid Transfer Heli-Tran Refrigerator which 

allows continuous control of temperature from 4 K to 

300 K. The output fluorescence is detected with a Spex 

Model 1300 Ĵ -meter double monochromator and an RCA 4840 

photomultiplier tube (PMT). The PMT is cooled to approxi

mately -20°C with a lab built insulated PMT housing to 

lower the dark current. The temperature of the PMT is 

monitored by a copper-constantine thermocouple. The 

fluorescence scans were obtained using a Hewlett Packard 

7133A Strip Chart Recorder and a Keithley 602 Solid State 

Electrometer to measure the average PMT anode current as 

17 
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a function of wavelength. The Spex 1300 is capable of 

scanning at a variety of speeds (.001 to 50 A/sec) which 

proved to be very helpful in this work. 

The sample used in the initial study was selected 

from an available group of samples on the basis of 

fluorescence spectra. Fluorescence scans of various 

samples available are shown in Fig. 4. The choice of this 

sample was based on fluorescence related to the ZnO 

exciton as discussed in Chapter VI. 

Longitudinal Infrared Laser 

The IR laser (Fig. 5a) is separated electrically 

into into two "hh m discharge sections to improve the 

electrical stability. The two end electrodes are pulsed 

with a voltage of approximately 15 kV and the center 

electrode is at ground potential. The pulse forming net

work usually consists of two capacitors which are charged 

to a desired voltage (0 to 17 kV) and then shorted across 

the laser cavity by the use of a triggered spark gap. The 

spark gap limits the repetition rate of the laser to 

approximately 10 pulses per second. The triggering circuit 

consists of a Textronix type 161 pulser which triggers a 

lab built line type pulser (Fig. 5b). The output of the 

line type pulser is stepped up by a trigger transformer to 

produce the necessary voltage to trigger the spark gap. 



20 

CD 
t — I 

P. 
e 

CO 

I 

Pu 
oi 

QJ 

o 

OJ 

•)-> 
u 
cu 
p , 

CO 

Qi 
O 

c 
<L> 
U 
t/^ 
CD 

•H 

E 
K-1 

CTj 

CD 

&o 

•H 

RELATIVE INTENSITY 



ex 
r < 

t~- -

21 

to 
oo 
LO 

to 
to 
LO 
LO 

to 
to 
LO 

<D 
t — i 

P. 
E 
CT3 

CO 

I 

a, 

QJ 

O 

y> 
+ j 
u 
CD 
P H 

CO 

(D 
U 

CD 
U 
LO 
Qi 

:3 

CD 

:3 

•H 
P-, 

RELATIVE INTENSITY 



o< 

r 

y 

22 

to 

Qi 
I — I 

P-

r-H 

t o 
oo 
LO 

t o 
t o 
LO 
LO 

cti 
CO 

Pu 
CT3 

03 

MH 

o 
rt 
^ 
4-» 
U 
CD 
P . 

CO 

o 
u 
c 
CD 
u 
t / l 

o 
c 

• H 

E 
:3 

- J 

• 

u 
" ^ 

CD 
'i-t 

:3 
bO 

J 
- ^ (XI 

to 
to 
LO 

PH 

RELATIVE INTENSITY 



23 

QJ 

c 
o 
u 

•t-» 

5-̂  
CD 
W) 

CD 
to 
bO 

• H 

?-( 
H 

P . 
CO 

E 
:3 
P 
u 
03 

K" 
V. 

< 

I — I 

o 
• H 
P 
c3 

CO 

03 

U 

H: >H 

(D 
P H 

P. 
P 
o 
u 
•M 

• H 
> 
C^ 

OJ 

^3 
P 
03 

t/) 
U 

• H 
P 
O 
5-1 

u 
CD 

I — I 

pq 

CD 

03 

CD 
+-> 
Qi 

>^ 

03 
LO 

o 
u 
p 

• H 

P L H 

P. 

P 

o 



24 

Tlie spark gap exhibited a jitter time of approximately 

1 ysec when operated at 10 p.p.s. 

The laser optical cavity is formed by a gold coated 

concave total reflector with a focal length of 20 m and an 

output coupler. The choice of output coupler depends on 

gas mixture and wavelength desired. The most useful out

put couplers are a gold coated total reflecting flat with 

a 3 mm KRS5 pinhole, a silicon flat and a salt (NaCl or 

KCl) window. The cavity can be equipped with a brewster 

window. 

The laser was operated in the initial studies with 

the silicon flat output coupler using the 9.6 to 10.6 

micron lines of COo. A standard CO2 mixture of 70% He, 

151 N2 and 15% CO2 was flowed through the cavity at a 

pressure of 3.5 torr. The normal operating voltage was 

16 kv. 

The laser vacuum cavity is formed by two sections 

of glass pipe (I. D. - 7.5 cm) approximately 3.5 m long 

connected by a tee at the anode. This system allows a 

vacuum of less than 25 microns to be maintained when the 

laser is not being operated. The laser is normally 

operated at pressures from .1 to 5 torr with, in most 

cases, the desired gas mixture flowing through the 

cavity. The laser is equipped with a gas manifold which 

allows mixing of various gasses to optimize desired laser 
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wavelengths. This laser system is capable of producing a 

wide range of lines, with a partial listing of available 

lines given in Table 2. 

Dye Laser System 

The dye laser optical cavity (Fig. 6) is formed by 

a 5 wedge output coupler and a 2.5 cm grating blazed at 

6000 A with 1800 lines/mm. The 5" wedge is used to 

eliminate interference characteristics exhibited by the 

laser. A telescope expands the beam to cover the grating 

and allow for better resolution of the output wavelength. 

The output of a Molectron UV 400 Nitrogen laser is focused 

on the dye cell with a plano-convex lens with a focal 

length of 12 cm. The dye is circulated through the dye 

cell to avoid saturation effects. Various available dyes 

with lasing wavelengths and approximate power levels are 

given in Table 3. The nitrogen laser and dye laser pulse 

widths are approximately 7 nsec. 
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TABLE 2 

AVAILABLE IR LASER LINES 

Wavelengths (ym) Medium 

1 - 2, 3 - 4, 5.3 - 5.5, Nitrogen 
5.9 - 6.2, 6.5 - 6.7, 7.6 - 8.1 Nitrogen 
9.4 - 9.8, 10.4 - 10.6 Carbon Dioxide 
17, 23, 28, 50 - far infrared Water Vapor 
12.1 - 12.3 Argon 
14.78, 15.08, 15.47 NH3 
15.08, 15.91 NI5H3 
3 - 4 HF 
4-4.5 DF 

NOTE: Ranges of lines are given with multiple 
lines present in most ranges. 

TABLE 3 

DYE LASER RANGES 

Range (nm) Dye 

465 - 515 7-Diethylamino-4-trifluoromethylcoumarin 

530 - 600 Fluorescien 

568 - 605 Rhodamine 6G 

595 - 640 Rhodamine B 

630 - 650 Rhodamine B + Cresyl Violet Percholorate 

640 - 685 Rhodamine 6G + Cresyl Violet Percholorate 



CHAPTER VI 

DISCUSSION 

The infrared quantum counter (IRQC) as proposed by 
g 

Bloembergen in 1959 suggested the possibility of obtaining 

extremely low noise levels in infrared detectors. As 

noted earlier, the quantum counter operates by first 

raising the particles into a lower metastable state with 

the pump source further exciting the particles to the 

final state. The particles then decay radiatively to the 

"ground" state with the output luminescence detected by a 

photomultiplier tube or appropriate device. With the 

separation of levels greater than the random thermal 

energy (kT), the pump alone will theoretically cause no 

output luminescence and for this reason extremely low 

noise levels are associated with the IRQC. 

The limitation of sensitive IRQC's to a narrow 

band of infrared signal can be overcome by using a broad 

energy level as a component in the IRQC. The GaP:ZnO 

exciton level demonstrates a theoretically high radiative 

quantum efficiency (60%), and fast decay time (10 to 

100 nsec) while also producing a broad level of 

29 
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luminescence (650 to 720 nm) which makes it extremely 

attractive for investigation. 

The normal method of obtaining D-star curves for 
25 

an infrared detector is to use a blackbody source 

(normally at 500° K) and a chopper. The frequency of 

chopping is varied and values of NEP are recorded and 

D-star is calculated by the definition presented in 

Chapter II. The relative spectral response of the device 

is then measured by passing a chopped signal source 

through a monochromator and recording the output of the 

detector versus wavelength of the radiation impinging on 

the sample. The relative spectral response curve is 

related to the measured blackbody D-star curve by the 

effectiveness factor y and a curve of D-star versus wave

length of the impinging radiation is obtained. The 

Y-factor is 

/S(A)W>dA 
Y = (4) 

where s(A) is the relative spectral response of the 

detector and W;̂ dA is the blackbody source radiant 

emittance. The value of y can be determined by using 

Planck's thermal radiation law to calculate W;̂ . A more 

complete treatment of this subject can be found in 

reference 22. The facility needed to calculate D-star is 
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quite extensive and several of the devices needed are not 

presently available at this location, however another basis 

can be used for comparison. 

The developed detector can be compared to commercial 

photovoltaic detectors by considering their optimum 

characteristics when detecting a pulsed laser signal. As 

noted by Rye and Stevens,^^ the major cause of noise in 

photovoltaic detectors is Johnson or thermal noise. Thermal 

noise is simply due to the random motion of electrons in a 

conductor and is fully treated in many references. The 

mean square current due to this type of noise is 

\ = 4kTAf/RL (5) 

where T is the temperature of the device in K, k is 

Boltzmann's constant, R^ is the parallel combination of 

the load and detector resistance, and Af is the bandwidth. 

The signal current due to a pulse of incident radiation is 

i = (ne/hv)p (6) 

where n is the quantum efficiency of the device, h is 

Plank's constant, v is the frequency of the incident pulse 

and p is the intensity of the incident pulse. By 
P 

considering the pulse width to be long with respect to 

Af, a signal-to-noise ratio (SNR) can be obtained. Af 

is taken to be RjC, where C is the capacitance of the 
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output circuit. The SNR is then 

SNR = ^ (7) 
hv(4kT/C)^2 

Using a SNR of 1, Rye and Stevens^^ obtained typical 

values 4 to 8X10'^ watts for the NEP of commercial 

photovoltaic devices detecting a 10.6 ym signal. NEP is 

defined in Chapter II. In this work. Rye and Stevens 

used the characteristics of cadmium-mercury-telluride 

(HgCdTe) and lead-tin-telluride (PbSnTe) photovoltaic 

detectors to determine the NEP. The maximum value 

obtained by Rye and Stevens was 8X10" W for a selected 

detector, with RTC a factor of 10 greater than for 

typical detectors. 

As discussed in Appendix B, the value of NEP for 

the GaP:ZnO system as operated is approximately 2 W, 

however by considering loss factors a value of 0.65X10 W 

for the optimum NEP is obtained. This value is by no 

means the optimum value that could possibly be obtained 

using the GaP:ZnO system. The NEP could possibly be 

lowered to 1.5X10 W by lowering the background 

fluorescence and using a (PMT) more sensitive at 7000 A 

(Appendix D). It is worthwhile at this point to note 

that the above values are obtained for a system measuring 

the average output of the PMT so that a substantial 

improvement of the above values might be obtained by 
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observing the output of the PMT directly. Also, the value 

of quantum efficiency for GaP:ZnO could prove to be much 

greater than the value estimated herein. The losses due 

to reflection which could be reduced with optimal 

configuration were not considered and the total energy of 

the CO2 laser was taken to be in the initial 1 ysec spike 

while the total pulse length was much longer than 1 ysec. 

The experimental setup used for the initial 

investigation of the GaP:ZnO system was not in general 

optimized, but was designed to determine if the system 

operated and give some rough estimate of its potential as 

an infrared detector. The experimental operation of this 

device is very encouraging not only for developing a 

sensitive detector from this particular system but also 

for further studies of similar systems in semiconductor 

compounds. 

The calculated external gain which included loss 

factors introduced by various sources (see Appendix B) 

was used to calculate the NEP. This value is then the 

value of NEP that can be obtained if the system is 

optimized to eliminate these losses and is not the NEP 

of the system as operated. The major losses of the system 

were due to collection and detection of the output signal. 

If any appropriate filter is sustituted for the 

monochromator, the losses inherent in this device can be 
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eliminated. This filter would ideally pass the band of 

GaPiZnO exciton luminescence and block all other wave

lengths. The loss in collection could be reduced with| ^ 

better mounting configuration that would allow for a nî re 

efficient scheme for collecting the output luminescenc 

Certain inherent defects with this system as operated 

became apparent with the experimental phase of the 

investigation. The major problem was the lack of a 

suitable dye to provide a pump signal in the near infr^^^^ 

region where the ZnO exciton fluorescence stopped. Th 

laser frequency used (-6500nm.) was in the middle of tt^ 

fluorescence band and caused a relatively large backgrl^^^ 

signal which lowered the detectivity obtained. It wou|^ 

be profitable at this point to obtain a suitable dye a'̂ ^ 
1 . 

attempt to eliminate the background noise and thus optiî ^̂ î ^ 

the detectivity of the system. This further study wou*-̂  

also provide a better test of the IRQC action, range, 

sensitivity, and efficiency. 

The broadness of the ZnO band while proving to 

be a drawback in this system could prove to be useful w^ 

a system using it as the pump level in an inverted qua 

counter scheme. The modified system would consist of the 

ZnO exciton level and an upper (closer to the conductiP^ 
band) narrow band such as the nitrogen level. The hig 

efficiency of the various levels looks promising, however 
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the transition processes between the levels have not been 

investigated and may prove to be at best inefficient. The 

use of the oxygen-donor level and the ZnO level might also 

be considered as a potential IRQC with a near IR pump such 

as a GaAs diode laser being used. This system would then 

allow in theory the detection of a band of near IR 

radiation (1.0 to 1.4 ym) . Tlie transition momemt between 

the two levels is unknown and could prove to limit the 

performance of the scheme. 

This system (GaP:ZnO) resembles closely several 

other systems with oxygen creating donor levels and other 

elements such as magnezium or cadmium being used in place 

of the Zn dopant. These systems could possibly produce 

IRQC's sensitive to different ranges of IR due to a shift 

in the usable energy levels. 

An important and exciting application of this 

type of system is in the study of various semiconductor 

processes. This experimental system is particularly suited 

to the investigation of enhancement or quenching processes 
4,22,23 

due to incident IR signal. The extension of 

previous work to other impurities could prove to be useful 

in understanding processes at work in the crystal. The 

study of transitions would of course be limited to those 

having decay times of greater than 10" sec due to the 

width of the available probing pulse. This decay time 
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limitation includes most radiative decay processes and so 

should not seriously limit investigation of semiconductor 

processes that are of interest in upconverter schemes and 

luminescence studies. This is a unique system which should 

prove valuable in future studies of semiconductor processes 

The laser used in the initial upconverter studies exhibits 

lines closely matching the phonon energies of GaP and so 

should prove useful in quenching and enhancement studies. 

The available facility for investigation of semiconductor 

processes has the capability of being applied to a wide 

range of differing systems to better understand the 

mechanisms governing their operation. 



CHAPTER VII 

SUMMARY AND CONCLUSIONS 

The comparison of this detector to commercial 

detectors is difficult due to the different operating 

basis. The measurement of the characteristics of most IR 

detectors is done under conditions that are not appli

cable to the IRQC scheme with the experimental apparatus 

outlined previously. A comparison can be made by 

considering the lowest possible incident signal that can 

be detected by each device. This value (NEP) as calculated 

in Appendix D is approximately 2 W for the system as 

operated and .65X10 for this system with optimum 

operating conditions. Figure 10 shows that by lowering 

the background luminescence and selecting a PMT with a 
o 

higher responsitivity in the appropriate region (-7000A) 

the value of the NEP can be lowered to approximately 

I.SXIO'"^^ W. With the optimization of the device 

configuration and further experimentation the value of the 

NEP for the GaP:ZnO could be in principal lowered to a 

value comparable to or possibly much lower than typical 

photovoltaic detectors. 

37 
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The developed upconverter system has been shown 

experimentally to operate in the middle infrared as 

predicted from theoretical considerations. The calculated 

detectivity proved to be much smaller than commercially 

produced detectors due in part to the large amount of 

background fluorescence (Table 2). Eliminating this 

restriction with the use of a near infrared dye laser pump 

signal would seem to be a logical extension of previous 

work. 

The major thrust of this work was to develop a 

facility for the study of quantum counters and other semi

conductor systems and processes, with low temperature 

capabilities. The successful operation of the GaP:ZnO 

exciton IRQC served as a test of the capabilities of this 

unique system. The system consists of a dye laser which 

was used as a visible pumping source, a Helitran system for 

low temperature experiments, four available IR laser 

systems and necessary spectoscopic apparatus. 

This work pointed to the feasibility of using 

semiconductor impurity levels for highly efficient as well 

as sensitive quantum counters as IR detectors. While 

directly exploring IRQC schemes, this type of system has 

been demonstrated ' ' to be useful in investigating 

semiconductor processes. With the use of the tunable dye 

laser much of the background noise blocking details in 
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spectra from previous experiments can possibly be 

eliminated and enhancement or quenching due to an incident 

IR signal observed. The developed system would seem to 

lend itself well to the investigation of various phenomena 

in semiconducting compounds. 

This initial work indicates that further inves

tigation of GaP:ZnO and other semiconductor impurity 

systems as possible IRQC schemes could prove fruitful in 

developing sensitive IR detectors. The configuration of 

the IRQC could prove in some cases to be a very powerful 

advantage or limitation of the system. While the 

sensitivity of the detector developed from this initial 

study is not astonishing, it is an encouragement for 

further investigations. 
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APPENDIXES 



APPENDIX A: EFFICIENCY CALCULATION 

Quantim counter action can be dscribed with a 

• -, . . 1-3 

simple rate equation analysis of a three level system. 

The energy levels in this case are the impurity levels of 

the GaP:ZnO system. The ZnO system consists of four 

levels (Fig. 7); the Zn acceptor, oxygen donor, and the 

ZnO exciton and hole levels. The ZnO system can be 

analyzed to obtain the efficiency of luminescence due to 

the ZnO exciton by considering the population of minority 

carriers (n) , the population of ZnO complexes occupied by 

excitons (N ) and the population of ZnO complexes occupied 

by electrons (N^). By solving the three rate equations 

resulting from these three "levels" the ratio of minority 

carriers that decay by the ZnO exciton to the minority 

carriers that decay due to all the processes active in the 

system is obtained. The analysis of the system can be 

completed for above-bandgap and resonant excitation. 

Using the method of Jayson et al., the ZnO exciton level 

can be analyzed as follows: 

For resonant excitation of the ZnO exciton system, 

the set of pertinent rate equations are 
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N f-N^ ;-N 
B T 

-N" + 
tn T -n N 

o 

tn N 
+ W R (8a) 

where 

N^ = -N 
px T 

-N X 

xp 
f-N^ (8b) 

n -n -
n nt 

1 -
Ne 
N 

n + - N 
Ttn 

(8c) 

n 

N 

N 

N' 

N̂  

o 

minority carrier concentration, 

concentration of ZnO complexes, 

exciton hole level concentration = N N^, 

= exciton electron level concentration = N^ - N^, 

e = 

T. 

Ti 

T ̂xp 

px 

T tn 

exciton concentration, 

exciton and isolated electron states 

concentration, 

1 
1/Txr ^ 1/T^n ' 

1 , 
1/Te,- + 1/Ten 

thermal decay time to valence band, 

thermal decay time from valence band, 

thermal decay time from ZnO electron level 

to conduction band. 

^nt^ thermal decay time from conduction band to 

,nO electron level. L, \ 
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T 
n 

T 

T 

er 

en 

xr 

xn 

W 

= shunt path decay time, 

= pair radiative decay time, 

= pair nonradiative decay time, 

= exciton radiative decay time, 

= exciton nonradiative decay time, 

= transition rate due to above gap excitation. 

and 

^̂n - transition rate due to resonant excitation. 

This set of equations can be understood by realizing that 

iX 

and 

N = (time rate of change of exciton population) 

N = (rate holes are trapped from valence band 

by coulombic attraction due to captured 

electrons at ZnO exciton electron sites) 

(concentration of exciton electron levels) 

- (rate holes escape to valence band from 

ZnO exiton level)(ZnO exciton concentration) 

- (rate of radiative and nonradiative ZnO 

exciton decay)(concentration of ZnO excitons) 

The other two equations can also be obtained by considering 

all the effects in Fig. 7 that contribute to the popu

lation of the level under study. 

Using equation (8b) and considering steady-state 

conditions, i.e., N^ = 0; one finds that 
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0 = 1—(N^ - N^) -
Tpx 

1 ^ 1 XTX 

T T xp â 
N̂  (9) 

or that 

T 
-N̂  + 

1 
+ 

px ^xp '̂ px T^ 
1 N^ (10) 

A hole occupation factor f can be defined as 

f = N N^ (11) 

v\fhere f is the ratio of bound exciton population to total 

electron population (isolated electrons and excitons). 

It follows directly that 

T T -1 
f = 1 + _£2^ + P^ 

'̂ xp ^a 
(12) 

This result indicates that for lov\r temperature operation 

where T„Y~ ^ 0, i.e., no thermalization of holes to the px 

valence band, then f -̂  1. 

Using equation (8b) and again assuming steady-

state conditions, i.e., n = 0; one finds that 

1 1 
0 = - :r-n - 1 

T n nt 

Nf_ 
N n + N' 1 

tn 
(13) 

or that 

T n ^ n 1 - ^ K 
N 

N" n 
TnN^ (14) 

For low intensity excitation N^<<N so that 1-N^/N - 1. 

Using the above simplification, equation (14) reduces to 



n N^-N^ n 
e = 

TntN TtnN'- T̂ N̂' 
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(15) 

or 
n -L. . 1 
N^ T nt 

= hi > 
T n 'tn 

(16) 

so that 

n 111 1 ^Inl'^ 
nt 'tn n 

(17) 

It is readily seen that 

T„•^ -1 1 + ^ ^ n 

n Tn ^ T̂ t 
= 1 - nt 

T + T ̂  'n nt 
(18a) 

so that 
n 1-f 1-f 

N' 'Tnt T,, T,^ [i.T£_-] 
(18b) 

It follows from equation (8a) that 

Ne 
Ne 

1 4: - 1 N^-N^ N^-N^ 

Ta TB N^ Ttn N" 

N-N^ IL_ + I!B: 
NN^ Tnt N® 

(19) 

or that 

Ne 
Ne 

f 
T a 

1-f ^ ijii ^ n 
+ — — + + p~ 

T^. N^Tnt 
TB Un 

w 
N< 
R (20) 

whereas before 

1 - ^'N ^ ̂  

Substituting equation (18b) into equation (20), gives 

Ne ^ 
Ne 

Izl + hi 
Ta TB tn 1+, n 

nt 

WR 

Ne 
(21) 
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By de f in ing 

^ -1 i- ^ hi ^ i-f 
Ta -B 

tn 
T " 

L Tnt 
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(22) 

equation (21) can be w r i t t e n as 

'e N^ 
N" = - ̂  . WR 

D̂ 
Th e steady-state solution, i.e., N^=0, is then 

TD 

(23) 

(24) 

The decay rate of ZnO excitons by radiative 

processes is N /T^^. so that the radiative quantum 

efficiency of the process will be N^/T^„ divided by the 

total transition rate induced by the external excitation 

This ratio will give the percentage of particles excited 

by the applied excitation that decay radiatively by the 

ZnO exciton. The radiative quantum efficiency of the 

ZnO exciton level for resonant excitation is then 

OR = N̂ '/Txr _ N^'T D 
W R N^T 

(25a) 

xr 

or 

n 
fT 

R = f-
D (25b) 

iT 
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Using tabulated values" '̂ (Table 1), rî^ can be calculated 

and is plotted in Fig. 8. 

For above bandgap excitation, the pertinent set of 

rate equations are 

N e _ i-N^ 
T 
-N 
B t̂n 

0 

Tnt N 
(26a) 

N̂  
T 

-N -N̂  - N^ ^ 
px xp T a 

n W^ - ny 
n Tj^t 

N' 
N n 

Ttn 
N 

(26b) 

(26c) 

The indirect bandgap (X - r ) energy of GaP is approxi 
1 o 

mately 2.2 eV. The previous method of analysis can be 

applied to the above equations and the steady-state 
solution is 

WA 
Ne 

T 
1 + nt 

^D ''VTnt 
(27) 

so that the radiative quantum efficiency of the ZnO 

exciton level for above-bandgap excitation is 

N x T 
n xr 
A WA 

(28a) 

Substituting equation (32) into equation (33) gives 

fTn Tn D ^ V T 
n nt 
A xr[l ̂ ^yTn3 . 

(28b) 
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Figure 7. GaP (ZnO) System 
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APPENDIX B: EXTERNAL GAIN CALCULATION 

In the case of most IR detectors the responsitivity 

is defined as the amount of change in output voltage for 

a change in incident light. 

Q ^ AVout (̂ 29) 

Alin 

In the case considered herein the change in voltage could 

be replaced by a change in output fluorescence, to yield 

n _ Apiuo 

In estimating the responsitivity the thermalization of 

holes to the valence band and electrons to the conduction 

band from various impurity levels is neglected due to the 

low temperature operation (4 K). 

Following the analysis of Esterowitz, the internal 

gain of the system can be written as 

where J_p is the number of photons due to fluorescence per 

unit are.'i per unit time and Ĵ^ is tlie number of infrared 

signal photons absorbed per unit area per unit time. The 

external gain or res]:)onsi t ivity is then 

QE = ^ir d QA (32) 
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nd by definition of the absorption coefficient, 

^A = Viî dĴ  (33) 

here Ĵ  is the number of incident infrared photons per 

nit area per unit time, y^^ is the absorption coefficient 

nd d is the sample thickness. The value of \i^^ can be 

alculated as outlined in reference 26. The characteristics 

f GaP:ZnO systems determining ŷ ĵ, are not well understood 

o that an exact calculation of ŷ -̂p is difficult. However, 

y definition 

QE = yi^d(j£/JA) = (Jf/Js) (34) 

nd by using experimental values of Jr and J an estimate 

f Qg can be made. 

With the incident CO2 beam defocused on the sample, 

he number of infrared photons active in the quantum 

ounter system is 

Pir = Wi^(di/d2)^(Ti/T2)(l/(2X10"20)) (35) 

here W- is the total incident infrared energy, d-ĵ  is the 

iameter of the focused dye laser beam, d2 is the diameter 

f the defocused infrared beam (assuming d <d2), T^ is the 

ifetime of the GaP:ZnO exciton level, T2 is the pulse 

- 20 
ength of the infrared laser (assuming Tj^<T2) and 2X10 

s the conversion factor from joules to photons at 10.6 ym. 

he experimental values of W-ĵ -̂  = 8 mjoules, d = 150 urn, 
pulse 

2 = 1 cm, T^ = .1 usee, T2 = 1 usee, I^ = 1 10"^ amps. 
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and T^ = 10 gives 

^ir " 0.9 10^2 photons/pulse (36) 

T^ is the repetion rate and I^ is the average PMT anode 

current. The value of P^ (equivalent incident flux on the 

PMT photocathode) can be obtained from the average anode 

current measured (I^) by using the response curves of the 

R.C.A. 4840 PMT. Using these curves gives 

Pf = 4X10"^^ watts (37) 

At 7000 X there are 3.57X101^ photons per joule, so that 

Pf = 14.28X10^ photons/sec (38) 

With the repetion rate of 10 pulses per second, 

Pf = 1.43X10"̂  photons/pulse (39) 

This value is the number of photons incident on the PMT 

photocathode which is well below the number of red photons 

emitted by the crystal. The major losses of photons are 

in the collection of the radiation, F3, in the mono

chromator, F2, and due to the broadness of the GaP:ZnO 

band, F-,. With the monochromator slits at 480 urn and the 

width of the luminescence band approximately 1 urn, gives 

a factor of 

F-ĵ  = 1000/4.8 = 200 

The Spex monochromator is approximately 1 % efficient 

which gives a factor of 

(40) 

^2 = 100 (41) 
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The 2 in. collection lens was 6 in. from the sample which 

gives a factor due to the solid angle for the light 

collection of 

F3 = 100 (42) 

The total estimated number of radiated photons would then 

be 

'JpT = FiF2^3^p " 2-^ ^^^^ photons/pulse (43) 

The value for the optimum external gain or external 

radiative quantum efficiency is then 

% = ^ir/^pT = ^-2 10"^ (44) 

This rough estimate of tlie external gain indicates a value 

which is quite encouraging. The correction factors are 

very approximate and are intended as order of magnitude 

estimates with the resultant total correction giving a 

conservative estimate of the external quantum efficiency. 

A filter passing only a selected wavelength band and a 

better detection system could be used to optimize the 

device and possibly approach the calculated efficiency. 



APPENDIX C: PUMP SATURATION REQUIREMENTS'^ 

The number of pump photons absorbed is 

% = °nt Jp (45) 

where a^^ is the capture cross section and J is the 

number of incident pump photons. The saturation value 

of the system is then governed by 

^P = R'/%t (46) 

where R' is the rate of decay through processes other than 

excitonic decay. Considering R' to be due mainly to ZnO 

pair emission (T^^ - 3 ysec) gives 

W = hyp = hvp = (47) 
P Gĵ t̂ Ter (2X10-16cm^(3X10-6 sec) 

which gives the following values of W at the indicated 

frequencies 

Ap = 5300 S ; Wp = 500 ^atts ^^2 

Ap = 6560 A ; Wp = 550 ^^"^ cm^ 

(48) 

The pump powers obtained with the dye laser used were 

approximately 3.3kW for Ap = 5300 R and S.OkW for 

Ap = 6560 A. Considering a 100 micron focus of the dye 

laser beam gives a pump power density of approximately 
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330kW/cm2 and 500kW/̂ ĵ 2̂ respectively. The available pump 

intensity appears to be sufficient to saturate the ZnO 

system easily. The background fluorescence should vary 

directly with pump intensity and focus diameter, while 

the enhancement should vary according to the intensity of 

the incident infrared signal. 



APPENDIX D: DETECTIVITY CALCULATION 

D = 1/NEP (49) 

where NEP is the noise equivalent power and D is the 

dectectivity. The definition as applied to various 

detectors varies somewhat, but in this case it will be 

taken to be the smallest detectable infrared signal in 

watts. The reliable detection of a signal places a lower 

limit on the signal to noise ratio (SNR) and this limit 

will be taken to be 1 in the following analysis. Using 

the experimental values previously outlined in the gain 

calculation, the lowest value of anode current that could 

be reliable detected would be 1X10~^ amps. With a 

repetion rate of 10 Hz and the lifetime of the ZnO exciton 

being .1 usee gives a peak value of 1X10~3 amps. With a 

gain of 5X10 in the PMT and an absolute cathode respon

sitivity of the PMT of 5X10"^ amps/W, gives a value for 

- 8 
the impinging radiation of 4X10' W. Using the derived 

_ 3 
value for the external gain of 3X10 gives a value of 

.65X10"6 ^̂ ^̂ ^̂ 5 of infrared radiation impinging on the 

sample. The detectivity is then 

D = 1.54 X 10^ W"l (50) 
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This value of detectivity is due to the high value of 

background fluorescence which by proper selection of dye 

for a pumping source could in principal be lowered to the 

lower detection capabilities of the PMT. 

The PMT used in these initial studies attains 

highest responsitivity in the blue or near ultraviolet 

region and falls off in sensitivity by a factor of 

approximately 10 at 7000 K. By properly selecting the 

frequency of the pumping source and PMT, the D of the 

GaP:ZnO device could be greatly improved (Fig. 10). 

Curve 1 and 2 in Figure 10 are plots of D versus equivalent 

background fluorescence for the PMT used in the initial 

studies (RCA 4840) and for the RCA Type C31034A PMT. The 

C31034A PMT exhibits a photocathode absolute responsitivity 

of 130 mA/W at 7000 A and is normally operated with a gain 

of 1X106. These values produce significant increase in 

the overall D as would be expected. 

The initial value of NEP obtained for the GaP:ZnO 

device is encouraging in that by optimazation of the system 

the value of NEP could compare very favorably with 

commercial photovoltaic devices. Commercial photovoltaic 

devices exhibit NEP's of approximately 8X10"^ W typically 

with selected devices exhibiting values of approximately 

10'12 lY. 
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APPENDIX E: THERMAL BACKGROUND 
EQUIVALENT SIGNAL FLUX (Jg)1 

The calculation of the output noise signal from 

the IRQC that will be produced by the thermal background 

bath can be attempted as outlined in Esterowitz et al. 

This calculation determines the incident signal flux 

necessary to cause a transition probability that is equal 

to the transition probability due to the thermal back

ground bath. The thermal background temperature is 

considered to be the same as the sample temperature with 

the effect of radiation from sources outside the cyro-tip 

heat shield being neglected. The induced transition 

probability per exciton per unit time can be defined as 

^̂s = ^pt^E (51) 

where a . is the radiative capture cross section of the 

ZnO hole level and Jg is the incident number of infrared , 

signal photons per unit area per unit time. The transition 

probability due to thermal considerations alone will be of 

the form exp(-hv /kT) where hv is the energy of the 

infrared transition level in the IRQC scheme. Considering 

an IR pulse duration of t, then 

W^t = exp(-hv^/kT) (52) 
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when a signal-to-noise ratio of one is desired. Combining 

the above two equations gives 

Jg = exp(-hv3/kT)/(aptt) (53) 

Using tabulated values, Ĵ  is 11.1X10"^° photons/(cm^-sec) 

at 10°K and 7.3X10^4 photons/(cm^-sec) at 77°K with an 

infrared signal source of 10 ym. The extremely lov; value 

of Jg obtained for low temperature operation demonstrates 

the theoretical low value of NEP that is possible in IRQC 

schemes. 



APPENDIX F: BANDWIDTH 

The spectral range of sensitivity for the GaP:ZnO 

detector system should in theory extend to at least 19 ym 

and possibly to 40 ym. The system has been experimentally 

demonstrated at 10.6 ym with the possible lower cutoff 

being much less than this. The bandwidth would then 

extend from at least 10.6 to 19 ym. 
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APPENDIX G: RISE TIME 

The decay time of the ZnO level has been experi

mentally determined and this value agreed well with 
9-19 

calculated values. The value of decay time tabulated 

in the literature ranges from approximately 10 to 100 

nsec and varied with doping concentration, operating, 

temperature, and sample preparations (annealing, etc.). 

The visible luminescence should then closely follow and 

give a viable indication of the waveshape of the incident 

infrared signal within the limitations of the data given 

above. 
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TABLE 4 

CHARACTERISTICS OF GaP:ZnO IRQC SYSTEM 
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1. Efficiency n 

2. External Gain (Qg) 

3. Pump Saturation 
Requirements 
(Wpsat) 

4. Thermal Background 
Equivalent Signal 
Flux (Jg) 

5. Detectivity (D) 

6. Noise Equivalent 
Power (NEP) 

7. Bandwidth (Af) 

8. Rise Time 

10 to 90% (Calculated) 

3 10"^ (Optimum) 

500 W/cm^ at Ap = 5300 A 

550 W/cm^ at Ap = 6560 S 

11.1X10"^0 at 10 °K and 10 ym 

1.54X10^ W"^ 

-6 
.65X10 W 

Near Infrared to 19 
(Possibly 40) ym 

10 to 100 nsec 


