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ABSTRACT

This research p r o g r a m invest igated the f r e q u e n c y response

and quantum eff iciency of optical photodetectors for heterodyne

receivers. The measurements utilized two spectral lines f r o m the

output of two lasers as input to the photodetectors. These lines

were easily measurable in power and frequency and hence served as

k n o w n i npu t s . By m e a s u r i n g the ou tpu t c u r r e n t of the

photodetector the quan tum e f f i c iency was de te rmined as a

function of frequency separation between the two input signals.
' ' ' ' - ' • ' . • . . ' ' •

An invest igat ion of the theoretical basis and accuracy' of this

type of measurement relative to similar measurements utilizing
. . _ . - ' • . ' • ' ' :

risetime was undertaken.

A t heo re t i ca l s tudy of the h e t e r o d y n e process in
. • • ' ": -

photodetectors based on semiconduc tor physics was included so

that h igher b a n d w i d t h detec.tors may be designed. All
• - -

measurements were made on commercially available detectors and
. • • - • . " ' . - . , • • " '

manufacturers specifications for normal photodetector operation

are compared to the measured heterodyne characteristics.



Technical Summary

Laser heterodyne systems have recently come to the foref ront

of technology for gas concentration measurements, remote sensing

applications and communica t ion systems. Applications have

included p lana ta ry and a tmospher ic studies, exhaust analysis,

possible rocket plume detection and Doppler. Lidars [1]. Usually

the system employed for these.measurements uses the near infrared

wavelength region, however , a visible wavelength system is

possible and for some app l i ca t ions ' i s d e s i r e d . These

applications include oceanographic t empe ra tu r e and salinity

m e a s u r e m e n t s , ch lo rophy l l and o i l de tec t ion and possible

applications in connection with blue-green laser communication

for submarines.

One of the chief r equ i rements for a heterodyne system is a

wide-bandwidth photomixer. This is one of the difficulties in a

visible heterodyne system, because the normal phot.odetector has a

bandwid th of less then 1 GHz. For t e m p e r a t u r e and salinity

m e a s u r e m e n t s , a bandwidth of 8 GHz is desired. This study

e v a l u a t e d p h o t o d e t e c t o r s to be used as m i x i n g e l e men t s

(photomixer) for such a system.

The desired fea ture for this application is a detector with

high q u a n t u m e f f i c i ency at h igh f r e q u e n c i e s and low noise to

yield a high signal-to-noise rat io. The low noise can be

achieved partially by having a low dark current ; a quantity which

is easy to measure. The quan tum ef f ic iency is considerably more

d i f f i cu l t to measure and was subject to this study.

Previously , the f r e q u e n c y response (and hence q u a n t u m
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e f f i c i e n c y ) of a photodetec tor was f o u n d by m e a s u r i n g the shot

noise spec t rum of the device. This type of m e a s u r e m e n t is very

mis leading and at most is u s e f u l for only a m a x i m u m "response

s p e c t r u m [ 2 ] . R e c e n t l y t h e f r e q u e n c y d e p e n d e n t q u a n t u m

e f f i c i e n c y has been m e a s u r e d in he terodyne applicat ions by

measuring signal-to-noise ratios [3-5],

In this s tudy the q u a n t u m e f f i c i e n c y as a f u n c t i o n of

frequency was measured using two single mode laser sources which

could be tuned to give a frequency separation varying between 100

MHz ad 10 GHz. The input optical powers to the photodetector and

the output current were then measured and the quantum efficiency

was calculated. These m e a s u r e m e n t s cover the output f r equency

range f r o m dc to 10 GHz and are taken between pairs of wavelengths

in1 the 537-580 gm region.

. A detai led theoret ical analysis was - u n d e r t a k e n - and is

presented in a Ph.D disseration, ref. 12. From this analysis more

e f f i c i en t photodiodes can be designed. Data suppl ied by the

photodetector m a n u f a c t u r e s was used to calculate the expected

f r e q u e n c y response of the detectors and this response was

compared to the measured response. The calculated responses only

agreed w i t h t he m e a s u r e m e n t s w h e n m o u n t i n g and package

capacitances were estimated as measured.

The resul ts of this s tudy are s u m m a r i z e d in the attached

paper . submi t ted fo r publ ica t ion . Add i t iona l m e a s u r e m e n t s a re

found in reference 12 along with a more detailed discussion of the

measurement technique.
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I!:T?.GDUCTIO!I

ORIGINAL FASE -iO
OF POOR QUALITY

Fiber optic he te rodyne systems and heterodyne remote sensing

a p p l i c a t i o n s h a v e r ecen t ly received i n c r e a s i n g in te res t [1-3j.

These applications usually require photodetectors wi th frequency

responses in the GHz range [ 3 J .

In appl ica t ions such as space based LIDAR systems, e x a c t .

knov ; l edge of the photode tec tor f r e q u e n c y response is r e q u i r e d .

Uhi le there has been m u c h theoret ical w o r k done on he te rodyne
• • - '; • - . • •

detect ion, this theory has .not been conf i rme 'd wi th t rue device

he te rodyne f r equency response m e a s u r e m e n t s . This paper wi l l

conf i rm the theory and present measurements on several devices. !

The pho tode t ec to r ,when used as the m i x i n g e lement in a
s ' . . - . "

heterodyne system, is usually a .semiconductor p-n or p-i-n

junction device. In the optical spectrum, these devices act as
j

particle detectors or quantum-mechanical square-lav; detectors.

An output current at the difference frequency is produced when

two electro-magnetic waves with proper alignment are incident on

the detector [4-9]." -

The semiconductor detectors are usually operated in a

reverse bias mode, creating a large electric field in the

depletion region of th.e diode. When the incident radiation,

having an energy per photon greater than the bandgap of the

semiconductor is absorbed, electron-hole pairs are created. The

electron-hole pairs created in the depletion region are s\:ept

away by the large electric field creating a drift current. Any

minority carriers created outside this region that can diffuse to

the depletion region will also be swept across by the electric



OF POOR QUALITY

r ie ld c r e a t i n g a d i f f u s i o n c u r r e n t . Both of these response

processes , d r i f t and d i f f u s i o n , -have a cha rac t e r i s t i c response-

tin^ and thus a characteristic frequency response.

There are two m a j o r rr.ethods of il luminating the detectors.

In f ron t i l luminat ion, which is the method usually used, the

rad ia t ion propagates pa ra l l e l to tire e lect r ic f i e l d (Fig. la).

This m e t h o d creates n o n - u n i f o r m gene ra t ion since along the

direction of current ' f lew the number of carr iers will vary due to

the exponential absorption of the radiation. 'Side-illumination

produces un i fo rm generation since the absorption is orthogonal to

the electric field, and hence the direction of current f low, Fig.

Ib. , . T '

FREQUENCY RESPONSE OF THE DRIFT AMD DIFFUSION PROCESSES

Lucousky, et al, have presented the response for the drift

process with both uniform and non-uniform generation [10], For

uniform generation with incident flux $, the generation rate is

g = a$ exp(-ay)[l + A exp(ju)t)] (1)

v / h e r e a is the ma te r i a l absorpt ion coe f f i c i en t and w is the

dif ference frequency. The induced real current density is given

b y - . . . . • - . . - -

0 (y , t ) = gaOexp(-ay) w [1 + A cos (ut+ < | > ) | F | ] .

w h e r e w is the v;icth of the deple t ion r eg ion and F is the

frequency response func t ion .given by equation la in the appendix.

The phase angle, $ , is the c.rctan [ I r- .(F)/Re (F) ] .

The generat ion ro te for non-unifor~i genera t ion is given by



g = $aexp(-ax)[l + A exp(jcot)]

(3)

and the frequency response funct ion is considerably more complex

as equat ion 2a shows (see append ix) . This i l l umina t i on method

yields the f a s t e r response t ime of the tv;o methods. Figure 2

s h o w s t h e n o n - u n i f o r m f r e q u e n c y r e s p o n s e f o r v a l u e s

representa t ive of silicon at 0.51 u m wave length radia t ion . As

shown, with thin depletion regions ( < _ y m ) f bandv/idths in excess

of 10 GHz can be expected from the d r i f t process.

Unless steps are taken to eliminate it, however.,; there will

be a c u r r e n t produced due to the d i f f u s i o n process. This

process, previously discussed by Sawyer et al. [11], is m u c h

slower, and therefore, yields much lower bandv/idths. For uniform

generation the induced d i f fus ion current is given by [11, 12]

= -qa*exP(-ay)L £ _ . _ > = ^n s cosh £> * -{f slnh_
dc D L I x D x (4)

s --H L s s inh -U-cosh-£ J

s ( l - e x p ( - ) ) + ] J l e x p ( - )

C [1 -- - - D ° x
 C J

(s)sinh (**.) + J- cosh (& )

Jac = -q^exp(-ay) A exp (jut) LC D x (5)

(s)sinh (**.) +
c c c

where the total current is given by Jdc + Jacf L is the d if f u s i o n

length, Xp is the p region thickness, Dn is the electron velocity

c a r r i e r d i f f u s i o n c o e f f i c i e n t and L c i s t h e complex d i f f u s i o n

length given by
i i n
L = (

The frequency response function ' is given by Jac/Jdc with the

modulation factor, A, equal to unity. Non-uniform generation



yields an induced current cf PAGE IS '
OF POOR QUALITY ;

(7)

= - Aq$exp(jtot)G(Lc)

where

G(L)
i- rrrr"no2L2 cosh

AP el • An
(-£> + (f-) sinh {-£)

(8)

( f ,

J

Figure 3 shows the f r e q u e n c y response ror n o n - u n i f o r n

genera t ion using m a t e r i a l values r ep resen ta t ive of lov/'-dopecl

s i l icon at 0.51 un. B a n d v / i c t h s on the o rder of 1 GEz can be

obtained using thin regions (<1 u rn ) . This process obviously has

a nuch lower response than the d r i f t process. '--

F;C EFFECTS

Regardless of the current producing process, the drift

process or diffusion process/ the RC time constant of the diode

will also affect the frequency response of the diode. The 3 dB

frequency due to this effect is given by

RC = v.v'[2TT(Rs -f RL)eA6] (10)

w h e r e . Rs is the diode series res i s t ance , RL ̂ s t^ie ^i°oe load

resistance and the junc t ion capacitance is given by .& A^/v; v;here

A^ is the device area and c is the m a t e r i a l peririitivity.

H a v i n g a k n o \ . ' l e d g e of these f r e q u e n c y l imi t ing processes,

genera l device d e s i g n g u i d e l i n e s can be f o r m u l a t e d [12] and
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f r e q u e n c y response p red ic t ions can be r.ic.oe. fro:;-. i:no\. j:i d iode

parameters . . . •

EXPERIMENTAL KC&SUREME17T PROCEDURE

The heterodyne efficiencies have been measured for several

devices using the apparatus of Fig. 4. Here, two tunable single

f r e q u e n c y argon- ion lasers are used to genera te the optical

signals to the photodetector. The photodetector, which is being

character ized, is connected to a microwave power meter so the

output d i f f e r e n c e f r e q u e n c y power can be measu red . A second

m i x e r diode is used in the- syster. to detect the d i f f e r e n c e

f requency fcr display on a RF s p e c t r u m analyzer to provide

f r e q u e n c y and stabili ty i n f o r m a t i o n . An optical , spect rum

analyser is also used to check spectral pur i ty and stability of

the two optical signals.; . - . , ,

•A f o c u s i n g lens i s u sed t o f o c u s t he r a d i a t i o n on the

detector. The foca l length of this lens is de t e rmined by the

size of the detector ; the focused spot size is chosen to match

the d e t e c t o r s ize . For a c i r c u l a r de tec tor of r a d i u s p

in tercept ing 98% of the incident radia t ion the focal length is

given by,

w h e r e a is the i n c o m i n g gcuss i an beam in tens i ty r a d i u s (1/e

points) and T is the wavelength of operation.

• l\ coheren t Innova 90 and a Lex.el model 75 w e r e used as the

sources. The beam radius on these lasers were d i f f e r en t (0.75 mm

for the coherent and 0.45 mr.i fcr the Le;:el) and thus the m a x i m u m

mixing e f f ic iency obtainable is 7C 9 j [12, 13, G] so if absolute
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measurements are desired this factor must be considered .

The device efficiency is measured at a p£ir t icular frequency

by m e a s u r i n g the power (P C , PL) f r o m each laser inc ident on the

focus ing lens and the output of the detector as m e a s u r e d on the

microwave power meter, p. The eff ic iency is then given by

-;.PCPT '. q O-R) ( 2 z ) l /2 . . .

whe re h is Plack's constant, v is the optical f r e q u e n c y , -z is the

load i m p e d a n c e . R i s t a k e n . as . t h e 1 ? ' c o m b i n e d - r e f l e c t i o n

coefficients of •the lens, detector window and device sur face so

that internal quantum efficiency is obtained.

DEVICE ilEASUREMElITS ..

Several c o m m e r c i a l devices have been c h a r a c t e r i z e d by the

measurement system described. Two of these devices w e r e high

bandwidth or ultra-fast response detectors. The other detectors

c h a r a c t e r i z e d w e r e a v a i l a b l e i n o u r l a b o r a t o r y a n d w e r e

characterized only for comparison with those -presented here [12].

Results for the two fast response detector are summarized in this

section. .

The Ford Aerospace L4502 specifications .are given in .Table

1. A computer s imula t ion of the fabr ica t ion process was provided

by the m a n u f a c t u r e r . This s imula t ion g e n e r a t e s an i m p u r i t y

p r o f i l e for the device w h i c h can then .be used to f i n d the

depletion r e g i o n w i d t h and the p-layer th ickness . These w e r e

found to be 1.5 ui:> and 2.2 urn , respectively, which indicates that

£9% of the r a d i a t i o n is absorbed in the p-layer and 9% is

absorbed in the depletion region.- The remaining 2% is absorbed



in the n region. This device will be d i f f u s i o n process l imited

since most of the rad ia t ion is absorbed in the p-l.ayer. The

junction capacitance was also predicted to be approximately 1 pf

which is lower than the specifications, however considering

package effects and f r inging the comparison is reasonable. ,

The average measured dc efficiency of the device at 0.514. urn

is 40%. M u c h h igher eff ic iencies were measured in localized

areas us ing a shor t foca l length (2.5 cm) lens. These

measurements are shown in Table 2. This variation in efficiency

indicates the field distribution will effect the measurements

if the f requency response also varies across the detector. [8,

14] A window transmission factor of 0.9 r a theoretical air-

silicon interface transmission factor of 0.94 or 0.91 for the 2.5

cm and 20.0 cm focal length lens, respectively are assumed.

Since these values were not measured the quantum efficiencies

have some uncertainty associated wi th them. It can only be

s ta ted that the ave rage e f f i c i e n c y of the en t i r e device,

including window and the surface reflection at 0.514 urn, is 22%.

Ac measurements on the device yield Figs. 5 and 6. These

measurements use the same transmission factors as discussed for

the dc measurements . These f igures also show the measured dc

efficiencies for the respective measurement runs. The difference

between the dc efficiencies and the low frequency ac efficiencies

is due to the mixing efficiency. In all cases the difference is

almost exactly the 78% that was predicted by considering the

field distributions.

The measured data plotted in Fig. 5 shows that variations in

I



the frequency response do occur across the surface of the

detector. These measurements .were taken with a 2.5 cm focal

length lens, thus yielding spot sizes of 8 urn and 13 urn for the

Coherent and Lexel lasers respectively. These measurements,

therefore, are not indicative of the entire detector, but of

various spots on the detector. The variations do not appear to

be severe, but the measured efficiencies will vary somewhat

depending on the optical field distributions used to make the

measurements.

Figure. 6 shows the efficiencies measured using a 20.0 cm

focal length lens. This-response is representative of the entire

device since this lens produces spot sizes of 60 urn and 100 urn

for the Coherent and Lexel lasers respectively. This figure

clearly indicates three major areas of operation. At low

frequencies diffusion current dominates, producing the majority

of the current at frequencies less than a few hundred MHz. At

frequencies near 1 GHz the diffusion current has rolled off and

the drift current dominates. Above this frequency RC rolloff

occurs and the response decreases at approximately 10 dB/decade.

Using the measured average dc efficiency,.the depletion

region and p-region widths found above, a theoretical prediction

of the response can be made. . This prediction is made by

weighting the response of each region by the absorption

efficiency of that region to obtain a total predicted response.

So that direct comparison to the measured data can be made, the

total response is then weighted by an RC rolloff factor with a 3

dB frequency of 2 GHz. The 2 GHZ rolloff frequency is equivalent

to a 50 ohm load, a series resistance of 5 ohms, and a junction

8



capacitance of 1.5 pf. These n u m b e r s are reasonable for this

device and the data seems to indicate that rol loff occurs at this

frequency. The p-region response is obtained by using a surface

recombination velocity such that a total dc efficiency of 40% is

obtained. The predicted response is shown as the solid curve in

Fig. 7. This response was obtained using a diffusion coefficient

of 10 cm^/sec. for the P-region, corresponding to an impuri ty

level of 2 x 10i8 cm""3. A n-region diffusion coefficient of 2.5

cm^/sec was used which also corresponds to an impurity level of

2 x 1018 cm~3 . '" _

The predicted response compares very well with the measured

data at frequencies below 2 GHz. Above 2 GHz the response rolls

off at 17 dB/decade indicating that more than a single RC pole

exists. This implies that the package and the contacts from the

package to the diode are affecting the response. 'The equivalent

circuit for the diode, package and bias Tee is shown in Fig. 8.

It has been shown [12J that if the package capacitance is

negligable the microwave detector current, IL, supplied to the 50

ohm microwave power meter load, R^, is given by

IL_ = _ I (13)
Voto j w C j { J W L P + Rp + RL T V T '

The diode is moun ted on the center post of a BNC connector

with the p-region connected to the outside conductor of the

connector th rough a 25 um d i a m e t e r , 0.23.8 cm (3/32") long wire.

Assuming a copper wire , the high frequency impedance of this wire

is [15]



Z = 3.32 x 10 /f (1 + j) ohms.

CU)

Using this to d e t e r m i n e Rp and wLp the package e f f e c t s can be

included and the resultant response is calculated using (13) and

is shown 'in Fig. 9. C o m p a r i n g these curves to Fig. 7, the

measured response "iss.between that preoicto by a 2 GHz RC rolloff

a n d t h e c a l c u l a t e d i n d u c t o r r o l l o f f . S i n c e , t h e p a c k a g e

capacitance has been neglected, and a theoret ical value for the

impedance of the w i r e has been used, it is not s u u r p r i s i n g that

the calculated rol loff was greater than measured.

The response wi thout the 2 GHz RC ro l l o f f or the package

effects is shown in Fig. 9 as the short circuit response. Since

the device is also available in a better microwave - package, this

short c i rcui t response is representa t ive of wha t pe r fo rmance

could be expected f r o m the photodiode in a bet ter package

operat ing into a low impedance load. F igure 10 shows the

frequency response of the individual processes. As can easily be

seen the b a n d w i d t h is l imi ted by the response of the p-layer.

The bandwidth of the n-layer is not high either, but this region

only absorbs 3% of the inc ident rad ia t ion . This device is thus

limited in bandwidth severely by .the thick p-layer.

• The spec i f ica t ions for the Opto-Electronics PD-015-03

detector are listed in Table 3. The impulse response measured by

the m a n u f a c t u r e r i s s h o w n in Fig . H and as th i s and the

specifications show the risetime of the device is 355 psec.

10



As the dc measurements in Table 4 indicate, a vast range

of dc efficiencies were obtained. It is likely that this is

partly due to saturation effects. The short focal length lens,

yielding smaller spot sizes and.thus higher power densities

consistantly yielded lower efficiencies. The last five measure-

ments (three measurements with the Lexel laser and two with the

Coherent) in the table show a steadily increasing efficiency for

each laser when lower power was used, it is thus probable that

saturation of the detector was occuring, however, if this did

occur it did not affect the frequency response as will be seen,

later. It is hard to accurately determine the quantum efficiency

without being able to measure the transmission factor of the

window and the reflection coefficient of the silicon. Here the

measured transmission factor of the focusing lens (0.91 or 0.94),

the estimate of the transmission factor of the detector window

(0.9), and the transmission factor of the air-silicon interface

(0.6) [13] were used to calculate the efficiency. The average

efficiency of the entire device including window and reflection

due to the photodetector surface is 51%.

Several ac sets of measurements were taken on this device,

the results of which are shown in Figs. 12 and 13. These figures

show efficiencies obtained using, two different focusing lenses.

The data shown.in figure 12 was taken with the 2.5 cm focal

length lens, which allows the detector to be probed for

variations in quantum efficiency across the surface of the

device. As this figure shows, the device seems to have very

consistant characteristics since the curves do not vary from one

measurement set to the next.

11



F i g u r e 13 shows the m e a s u r e m e n t s ob ta ined wi th a f o c u s i n g

lens having a 15.24 cm focal length. This yielded spot diameters

of 45 .6 urn and 7 6 . 2 urn fo r the C o h e r e n t end L e x e l l ase r

respectively. Since the detector is 85 x 115 urn in s ize , . th i s

lens provides a reasonable, measurement of the average response of

t h e d e t e c t o r . U h i l e these m e a s u r eraents d o . no t c o m p a r e

absolutely, the relative frequency response is identical. It is

f e l t that the d i f f e r e n c e in a b s o l u t e , lev els is due to a

combination of the alignment of the system and device saturation

and not to var iances in the q u a n t u m e f f i c i ency of the device.

The saturation ef fec t has been discussed above and as can be seen

in Table 4 variations occur even in the dc measurements .

All of the m e a s u r e m e n t s c o m p a r e ve ry well in t e r m s of the

frequency response as shown in Fig. 14. This f i g u r e , .'shows all of

the m e a s u r e m e n t r u n s ; each of wh ich has been n o r m a l i z e d by its

low f r e q u e n c y value. Since the power dens i ty inc iden t en the

detector v a r i e d due to the f o c u s i n g Lens, s a t u r a t i o n e f f e c t s

would have affected the . f requency response and would appear here

as variations between measurement runs. This does not occur and

t h e r e f o r e , s a t u r a t i o n e f f e c t s on the f r e q u e n c y response a re

negligable. • • ' ' . '

The 3 oB b a n d w i d t h in Fig. -14 is 1300 M H z . This seems to

d i sagree g r e a t l y w i t h the 35 picosecond spec i f ica t ion . This

s p e c i f i c a t i o n , h o w e v e r , l~s a r i s e t i m e spec i f i ca t ion and is not

e q u i v a l e n t to the s t eady s t a te r e sponse t ime . The t r ans i en t

response shown in Fig. 11 is s i m i l a r to the impu l se response oil

an RLC c i rcui t given by [16] ,

12



where, T is the free period and the parameter k is a function of

the resistance, capacitance, and inductance in the circuit." This

parameter can be found by comparing the magnitude of the first

peak to that of the first valley. For this case, k is 0.5. The

free period here extends from the beginning of the response to a
•;

point slightly beyond the beginning of the second peak (Fig. 15)..

This period of approximately 200 psec is the characteristic

response time which dictates steady state behavior. The 3 dB

bandwidth in terms of the free period is given by [16]

f3dB = 0.35/T (16)

Thus, the steady state bandwidth that could be expected from this

detector is 1.75 GHz. This is in good agreement with the 1300

MHz shown in Fig. 12 and even better agreement with the 1600 MHz

obtained from Fig. 13 considering only the measurements taken

with the large spot sizes. .

CONCLUSION

The measurements on the two available detectors indicate
• i

the theory used to predict the detector .response is accurate.

The measurements also indicate the d i f f e r e n c e in rise t ime

measurements as compared to steady state response measurements.

This steady state response t ime can be as m u c h as f ive to ten

times slower than the transient response time.

These theories can be used to develop high bandwidth design

13



guidelines. For fast detector response, the diffusion current

should be eliminated. This can be done by using ultra-thin p-

layers or side illumination possibly with the use of an optical

fiber. The depletion region thickness should then be tailored

for maximum dc efficiency, maximum RC bandwidth and minimum drift

process response time.

ACKNOWLEDGEMENTS .

The authors would like to thank Ford Aerospace Corp. and

Opto-Electronics, Ltd. for supplying the detectors used in these

measurements.

14



ORIGINAL PAGE !S
OF POOR QUALITY

A??E::DIX

The f r e q u e n c y rospcr .se f u n c t i o n s p r e s e n t e d h e r e v:c-r =

developed in re fe rence 12 and fcllov; the sa:r;e general development

as. in r e f e r e n c e 10. In our case is the d i f f e r e n c e f recuer.cy

betv;een the two i n c i d e n t optical signals and Vj-. is the hc ie

saturation velocity. The ratio of the electron to 'hole IT. ability

is b and it has been a s s u m e d tha t a h i g h r e v e r s e bias has been

applied so that sa tura t ion velocities occur across., the depletion

region. The u n i f o r m generat ion f requency response func t i on is

The non-uniform generation frequency response function is

F = QW

s ine |^- (awcos
h

r i .' 1

exp(- -ow js inc ^

av--- i - -7 - \
h l-exp(-c-)

aw

(aw) ' _

- a w s i n

rn«:cos

sinc

[ _y
-aw))

h , u > w c o s w



REFERENCES

1. Y. Y a m a m o t o , "Receiver P e r f o r m a n c e Evala t ion of Va r ious
Digital Optical Modulation-Demodulation Systems in the 0.5-
l O u r a W a v e l e n g t h R e g i o n , " 1££JE J-Oii.r_na_l ojj. fi.y_an.t.uJIL
£lectronics f Vol. QE-16, No. 11 (November 1980), pp. 1251-
1259.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

T. O k o s h i , " H e t e r o d y n e and C o h e r e n t Opt ica l F iber
Communications: Recent Progress," IEEE Trans, on Microwave
Theory and Techniques. Vol. MTT-30, No. 8 (August 1982), pp.
1138-1148. . ;

HASA, "Laser /Heterodyne Measu remen t of Tempera tu re and
Salinity," Technical Support Package LAR-12766, 1981.

M. C. Teich, "The Physics of HeterodyVie Detection in the Far
I n f r a r e d : Trans i t ion , f r o m E lec t r i c -F ie ld t o Pho ton
Absorption Dectection in a Simple System," Proceedings of
Hete rodyne Systems and Technology, NASA Publicat ion 2138,
March 25-27, 1980, pp. 1-10.

R. J. Glauber , in Q u a n t u m Optics and Electronics, , C. de
W i t t , A. B land in , and C. Cohen-Tannoudj i, Eds., New Y o r k :
Gordan and Breach Science Publishers, Inc., 1965, pp. 75-76.

C. Teich, "Field Theoretical T r e a t m e n t of Pho tomix ing , "
Applied Physics Let ters . Vol. 14, No. 6 ( M a r c f r 196 9) , pp.
201-203. .

R. J. G lauber , "The Q u a n t u m Theory of Optical Coherence ,"
Physical R e v i e w . Vol. 130, No. 6 (June 1963), pp. 2529-2539.

S. C. Cohen, "Heterodyne Detect ion: Phase Front A l ignmen t ,
Size, and Detector U n i f o r m i t y , " Applied Optics,Beam Spot S

Vol. 14, No. 8 (Augus t 1975), pp 1953-1959.

A. E. Siegman, "The Antenna Properties of Optical Heterodyne
Receivers," Proceednos of the IEEE. Vol. 54, No. 10 (October
1966), pp. 1350-1356.

G. Lucovsky, R. F. S c h w a r z , and R. B. Emmons , "Transi t Time
Ef fec t s , in P^I-N Diodes ," J o u r n a l pi Appl ied Physics, Vol.
35, No. 3 ( M a r c h 1964) , pp. 622-628.

D. E. Sawyer and R. H. R e d i k e r , " N a r r o w Base G e r m a n i u m
Photodiodes ," Proceed- ings of IRE, Vol. 46, No. 6 (June
1958), pp. 1122-1130.

C. L. Hea r s , I n v e s t i g a t i o n of the Q u a n t u m E f f i c i e n c y of
Opt ica l H e t e r o d y n e Detec tors , Ph.D. Disser ta t ion , Dept. of
Electrical Engineering, Univers i ty of Virginia, Charlottes-
vi l le , Va., A u g u s t 1983.



13. G. Hass and L. H a d l e y , "Optical P r o p e r t i e s of Ke ta l s , " in
Amer ican Inst i tute of Physics Handbook , D. E. Gray, .Ed., New
York:McGraw-Hil l Book Co., 1972, pp. 6.147-6.148.

14. R. H. Kingston, Detection of Optical and Jn t rared Radia t ion/
Kev? York: Springer-Verlag, 1979.

15. S. Ramo, J. R. W h i n n e r y and T. Van D u z e r . Fields and
in Communication Elctronics, New York: Wiley and Sons, Inc.,
1965, pp. 294-295.

16. J. Mi l lman and H. Taub, Pulse, Dig i ta l and S w i t c h i n g Wave-
forms. New York: McGraw-Hill Book Co., .1965, pp. 42-60.



BIBLIOGRAPHY

1. Proceedings of Heterodyne Systems and Technology, Parts I and
II, NASA Publication 2138, March 25-27, 1980.

2. D. L. Spears and R. H. Kingston, "Anomalous Noise Behavior in
Wide Bandwidth Photodiodes in Heterodyne and Background-
Limi ted Opera t ion ," Appl . Phys. Lett., Vol. 34, pp. 589-
590, May 1979. .. . ,

3. H. R. Kowitz , "Comparative Performance of KgCdTe Photodiodes
for He te rodyne Appl ica t ions , "Hete rodyne Systems and
Technology. Part II, NASA CP-2138, 1980, pp. 297-308.

4. J. F. S h a n l e y and C. T. F l a n a g a n , "n-p ( H g , Cd) Te
P h o t o d i o d e s f o r 8-14 M i c r o m e t e r H e t e r o d y n e
Applications," Heterodyne Systems and Technology, Par t
II, NASA CP-2138, 1980, pp. 263-2;80.

5. H. B. S i r i e i x a n d H. H o f h e i n e r , " C o n c e p t u a l D e s i g n
A p p l i c a t i o n o f HgCdTe I n f r a r e d P h o t o d i o d e s fo r
Heterodyne Systems," Heterodyne Systems and Technology
Partu, NASA CP-2138, 1980, pp. 281-295.

6. C. L, M e a r s , "Invest igat ion of the Q u a n t u m E f f i c i e n c y of
Opt ica l H e t e r o d y n e De tec to r s , Ph.D d i s s e r t a t i o n ,
U n i v e r s i t y o f V i r g i n i a , E l c t r i c a l E n g i n e e r i n g
Department, Charlottesville, Virginia, August 1983.

J



FIGURE CAPTIOUS

Fig. 1 Two illumination schenes for p-i-n detectors.

Fig. 2 Theoretical frequency response of the drift process for
silicon at \ = 0.51 pre with radiation incident from
the p-side. (Non-uniform generation, two depletion
widths, w = 5 urn and w = 1 pm). .

Fig. 3 Theoretical frequency response of the diffusion process
for silicon at X= 0.51 um with an impurity
concentration of 4 x 1016 cin -3w TWO depletion widths
shown. . . ••• •

Fig. 4 Experimental optical heterodyne measurement system.

Fig. 5 Measured heterodyne efficiency for the Ford Aerospace
L4502 detector using a 2.54 cm'focal length focusing
lens. • . , ' .

Fig. 6 Measured heterodyne efficiency for the detector of Fig.
5 using a 20 cm focal length focusing lens.

Fig. 7 Normalized measured efficiencies and predicted response
for the detector of Fig. 4.

Fig. 8 Microwave equivalent circuit of the photodetctor and
associated instrumentation.

Fig. 9 Package effects on the predicted response for the Ford
Aerospace L4502. The inductor response indues effects
of package inductance. The short circuit response
neglects package and load effects. .

Fig. 10 Predicted responses of the individual processes for the
detector of Fi'g. 9. The depletion region response is
flat over the frequencies-shown.

Fig. 11 Impulse response for the Opto-Electronics PD-015-03
given by the manufacturer.

Fig. 12 Measured heterodyne efficiencies for the detector of
Fig. 11 using a 2.54 cm focal length focusing lens.

Fig. 13 Measured1 heterodyne efficiencies for the detector of
Fig. 11 using a 15.24 cm focal length lens.

Fig. 14 Normalized efficiencies for the detector of Fig. 11.
The 3 dB bandwidth is approximately 1300 MHz..

Fig. 15 Impulse response for an RLC circuit with K = 0.5.



. . TABLE 1 .

L4502 SPECIFICATIONS

Breakdown Voltage . 10 volts

Junction Capacitance 2.5, pf ' ,

Series Resistance 5 ohms
2Light Sensitive Area 0.0.1 mm

Spectral Response 0.5-1.0 urn
11 • 8

Dynamic Resistance at 6 V 5 x 10 ohms

Coherent Minimum 16
Detectable Power <1 x 10~ watts



TABLE 2

L4502 DC MEASUREMENTS

LENS • • ' • . • ' . -
DC EFFICIENCY LASER FOCAL LENGTH MEASUREMENT SET

72 %

51 %

60 %

29 %

41 %

37 %

42.%

LEXEL

COHERENT

LEXEL

LEXEL

LEXEL

COHERENT

-LEXEL

2.54 cm

2.54 cm

2.54 cm

20.0 -cm - -„

20.0 cm

20.0 cm

20.0 cm

1

2

2

4 •••:

.4*.

5

5

* Detector realigned



TABLE 3

. PD--015 SPECIFICATIONS

Risetime Into 50 ohms

Spectral Response

Light Sensitive Area

<35.psec

0.3-1.1 urn .

75 urn x 115 urn



TABLE 4

PD-015 DC MEASUREMENTS

DC
EFFICIENCY

72%

68%

74%

77%

89%

91%

90%

61% .

65%

71%

31%

70%

LASER

COHERENT

COHERENT

COHERENT

LEXEL

LEXEL

LEXEL

COHERENT

LEXEL

LEXEL

LEXEL

COHERENT

COHERENT

LENS
FOCAL LENGTH

2.54 cm

2.54 cm

2.54 cm

2.54 cm

15.24 cm

15.24 cm

15.24 cm

2.54 cm

2.54 cm

. 2.54 cm

2.54 cm

2.54 cm

MEASUREMENT
SET

- 1

V .
2

2

.4

4

4

5

5

5

5

5

OPTICAL
POWER

5 mW

10 mW

11 mW

8 mW

10 mW

5 mW

5 mW-;

11 mW

7 mW

3 mW

21 mW

10 mW
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