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I. INTRODUCTION

MIRADCOM is engaged in the development of missile guidance links
operating in the mill imeter wave spectral region. Since system performance is
(I irect ly related to component performance , it is necessary that present device
performance be established and future device performance be predicted. To
accomplish this , MIRADCOM is engaged in an assessment of mil l imeter  and
sub mi l l imeter  device technology. This report reviews the status of sensors
capable of operating in the region between approximately 100 and 600 GH z .
State—of—the—art sensitivities are reported and an assessment of future per-
formance is made . Background material  is provided wherever possible to put
performance figures in their proper context. Detectors which have inherently
slow response times are not included in the report as no role can be foreseen
for these detectors in radar and missile guidance systems. Howe ver , fast
photoconductive detectors are considered in some detail because of their future
potential , rather than their preserft performance.

A separate report on pyroelectric detectors is in preparation and will  be
available shortly.

II. SUMMARY

The present status of mill imeter and submillimeter wave ( 100 to
( 0() GHz)  sensors is reviewed in this report. Fu ndamental l imitations to
receiver  sensitivity and their ori gins are discussed and compared for the two
basic methods of detection: direct (or video) and superheterodyne (mix ing  the
signal with a local oscillator and detecting at the difference frequency) . Per-
formance figures for detectors operating in both modes are presented .

For those detectors where data are avai lable , namely room temperature
Schottky-ba rrier  diodes and liquid hel ium coded l n.Sb photoconductors , super-
heterodyne no i se—equivalent—powe r (N  El’) is seven to eight orders of magnitude
greater than vi (Ieo NE P .  For this reason the main focus of attention by
scientists and engineers requiring high sensitivity in detecting mil l imeter
radiat ion has been on superheterodyne receivers and , in particular , on receivers
using Schottky-barrier diodes as the mixer  element. This interest developed
as a consequence of the success of solid—state engineers in fabricating small—
contact—area , low—capacitance Schottky diodes capable of rectifying at these
very high frequencies. As a result , pr imari ly  of radio astronomers and their
colleagues who design receivers , the performance level of room temperature
GaAs Schottky—barrier diode superheterodyne receiver systems has improved
dramatically during the past two to three years. At the present time , the best

3



room temperature receiver N E P  at a frequency of 30() ( 1 I z  is only one order of
magnitude above the fundamental l i m i t  resulting fro m noise due to thermal
background radiation, Of course , results are even better at lower frequencies .
Based on the rap id rate of progress , one can antici pate fur ther  near—term
improvements.  Therefore , for frequencies up to :iOo Gll z , there does not
appear to be any urgent need to develop new detector systems; GaA s Schottky-
barrier diodes and perhaps silicon Schottky ’s as well should perform near the
ideal limit.

However , the best receiver system s are generally one—of-a-kind , oi.~2rat—
ing at radio astronomy faci l i t ies , and components (such as the high frequency
diodes) are not readily obtainable. Therefore , support is strongly recommended
to speed up the conversion of scienti fi c realizability into commercial availability
in this area , including support for the development of stable high frequency
sour ces , which are required as local oscillators in superheterodyne receiver
systems. At the present time , the sensitivity of systems using Schottky—
barrier diodes and operating above approximatel y 150 GHz is limited by the
lacL of sufficient local oscillato r power , and source development here would
immediately improve receiver performance. In addition , the mill imeter wave
plana r Schottky—barrier detector (a very recent development which is discussed
in Section IV .D)  deserves attention because of its considerable potential in
miss i le  receiver systems.

Alternatives to Schottky ’s for use in superheterodyne systems are
reviewed in this report. They are Josephson junctions and bulk photoconductors ,
both of which require liquid helium temperature for operation. The InSb
receive r system (discussed in Section VI. F) indicates the capabilities of bulk
photoconductors for broadband performance (InSb will operate anywhere between
100 to 1000 GHz) and near—ideal sensitivity. However , a photoconductive
material where the carriers have a shorter relaxation time (approximately
5 nsec instead of the 0 .4  ~isec relaxation time in InSb) is probably required for
radar system applications , and support of solid-state research in this area is
recommended.

Direct detection capabilities of a num ber of detectors is reviewed,
including Schottky-barrier diodes, Josephson junctions and lnSb , GaAs and
silicon negative donor ion photoconductors. A reasonably sensitive , fast room
temperature video detector would be highly desirable for terminal homing
applications (e.g. , as a sensor on the missile) . While the Schottky detector
holds considerable promise for satisfying this need , its millimeter wa ve video
performance capabilities have been largely overlooked , and a research effort
in this area is necessary.

4
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II ) sep hson junction detectors ha ve existed for more than a decade. While
the ex t raord inar y  v c i sa t i l i t~ of the devices for generating, detecting, and
ampl i fy ing millimeter and subm illinieter wa ves have beeti demonstrated , the
devices have  not found any system applications. Mil l imeter  wave astronomy
~~~~ be viewed as a testing ground for future mill imeter radar sensors because
the r eceiver  requirements of high sensit ivity,  field rel iabil i ty,  and large
bandwidth exis t  in both areas. There are isolated cases of the application of
Josephson unctions in mi l l imeter  wa ve astronomy, and these should be
followed carefully and perhaps even supported to some extent. However , until
the (I ( vice s demonstrate superior capabilities in this field , their appl i cation in
rada r systems remains suspect.

III. VID EO AND SUPERHETERODYNE RECEIVER PRINCIPLES

A. Comparison of Sensitivity Capabilities of Superheterodyne
Receivers  and Video Detectors in the Millimeter and
Subm illimeter

Video or direct detection of radiation implies a linear rela-
tionshi p between output voltage , V~ , and signal power , P ;  that is

= RP ( i )
S S

where H is the detector responsivitity in volts/watt . By mixing the signal P~
with a strong local oscillator source , PLO’ in a nonlinear element , a ~o1tage

at the difference frequency, - v10 1 , will he generated equal to

V~ H (2P ,P10)
1 2 (2)

The process of mixing and detection at an intermediate frequency ( IF)  is known
as superheterocl yne detection.

A comparison of Equations ( 1)  and (2 )  indicates the advantage that can be
achieved by mixing and convert ing local oscillator power to signal voltage. A
quantitative comparison depends on analysis of the significant sources of noise
in the frequency region of interest. Table I Li i  lists the noise components
that have to be considered in mill imeter and subm illimeter wave detection. The
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e ffect s t  a part icul a i’ n oise  source n iav  depend on w h i t h er  the detector is
emp loyed in the \‘ ide (t  or superheterodyne con1i~~’u I at i on .  Fot’ examp le , fluctua-
tions in ba(thgroufl ( 1 rad ia t ion  iflc t i dlOflt on th d etector pi t duei ’  the following
noise voltages

H kT ( 2B 1 ~ 
1 2 ( video (t ilse )

and

H ( .IkTB P LO) 
1 2 (supctrhetero dyne 11)0(1(t)

~VI1 (t ine

~ = spectral bandwidth to which the detector t e s i t o n d s

B = post detection banc lwi dth ( tvp i  ( t a l l y  1 H z )

= bandwidth of the II”  amp l i f i e r  in the superheterocl yne rec’eI  ver

H - - detector r espons ivi t~ .

Consider a simpl e ctxan lp lu which i l lustrates the dif ferences  between video
and ~4UJ)e1’h( ’ t ( 1’ ( t ( l V f l C  ( l c tect lo f l .  A ssumc tha t  the dominant noise source pro-
duces the same noise voltage , \‘

\nS for 1)0th cases ( e .g . ,  amp lif ier  noise) .

..\ reasonable va lue for am p l i f i e r  no ise  vol ta ge  is V~ 1 ~ 10 \ ‘ t o t ’  a I l i z

bandwidth. Also,let the detecto r rt ’sponsivity, H ,be If l
2

V W and the opti l l iUfl i

local oscillator power , 1)
1 1)~ 

be 1( 1 - W. The minimum powel’ detectable by

the v i ( i 4 . m o 1 ’( ’( ’d ’ i V e r  is  then obtained by equating \
t to V in Equa t ion ( 1 ’l giving

PS = ~ N = 1~~- lJ  ~

for a I lIz bandwidth ( video i- ec€ ’iver )

7



The n i in lm wn detect ab le power in the supe rhete i’od v ne ( ‘ ~~ se is g iv en  by

(v \ ) 
-~~~I, — 1 ))  W

S 2
R 1 10

for a 1 lii. bandwidth ( superh e ’t e ’i’ to l vr e r ec e t i ve l . )  . ‘l ’hu~~, the sUpe t rhe .te rod vne
lece  I ~er is ‘ig h t  orders  ci magrn tud e  m i’e sensit ive ’ than vid e o (l(’t(’(’tiOfl for

the  s- Na mph ’ cli i  sen
1

, although i t  should I~~n r ea lize 1 tha t s imple ( ‘ompa r i sons
such as this  cannot  adequatt ’lv c’ha r acter ize the d i f fe 2e nce s  that exis t  l) Ct WL ’( ’fl
superheterodvnc and video detecti n syst en is .

Beca use of t he i r  much ~i’eut e i ’ -‘e n s i t i v i t y  (and  comp l e x i ty )  , m i l l i m e t e r
wave superheterodyne systems ha ve’ received more attention and , as a result ,
rel iable noise fi gures are  r ead i l y  ava i lab le  in the ope n l i te ra ture  b r  thet (nnti iin
m i l l i me t c i ’  region.  For certain video de ’t e ’etx i’ s ( spec i f i ca l l y ,  Suho t tky diodes

nd tot nt c( s n ta c t s )  , one finds consideruid e ’ va i’iatiun in  ‘eportccl sens i t iv i t ies .
This  p rob lem will bet conside red in detail i n Section 1 \ ‘ .C.

\\ hi le  supe t rheterod yne t  detection does pros i d e  a s ign i f i can t  adva nta i.~e for
t i e  de tection of weak , nar i ’owband signals which occur in act i  vit r adar  l’ ece’ i ~ei’
s~~~tcn -. , v l( I( ’ () det e c tion u l t imate ly  becomes the fl hOl’ (’ sensi t iv e ’  liietthoel boi’
pass iv e , ti ’ oadha nd radio meti’ v measurements.  In  this mode of o~ )e ’ra t ion the
si gnal l ee-ct  vetdi , J)~ , is proportional to tile bandwi dth , B, s ince  the soul’ rt ’  acts

as a br oadband rad iator at some effeetive~ temperature , ~~~ wh ich m a y  be

i.~r t ’ a t e  r or less than the temperature of the surrounding environment , ‘I
() • Tile

signa l vo ldage  , s’ ,, i~’ then di ree ’t ly proportional to thit bandwidth for \‘ id( ’O

ra d i o m et r y  recep tion hut proix)rt ional only to the square root of the ’ bandwidth
for ~t l 1se i ’hs .t s . l ’ odym ~ de tec t ion , as a com parison of Equat ions  ( 1)  and (2)
m dli  I ‘~I t ( ’~~. When the Co i’i’ec t dependence 1 ) 1  noise ’ \o l t agc t  on b andwidth is
ac-co unted b r , i t can be sh i ~ n that  the ci i n i mu m detectable temperature

d i f f e r en t i a l , ~ ‘i’ • , is proportional to I B for \‘idc() rad iometry  and i 2
nun

t s r  supe-ihet e i odyn e ra d ion i i.’t i’v 12 J . Thus , f or  a su f f i c i en t l y wide bandwidth ,
v i s i t - i ,  (k-te Ctiofl becomets i’ilol’ e’ seflsi ti \ ‘ (t ~~ Fig ure 1 5I i l )W5 a cofl~p~ii’iso n of
vnk ’o and superheterod yne mi l l ime t er  wave  radiometelt s  in t e rms  of ,~~ T

fl l in

The values of H and 
~~ ~ 

a i:e roughly those appropr ia te  to Sehot tk v—

bar r i e r  diod( ’s in  the n h i l l i m i u t t e l n .
S
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Figur e 1. Comparison of l ong—wave leng t h  heterodyne and direct—
dekn ction r a d i o m e t e r s  (hi .t ~ kT; post—detection integration
ti nic = I set ( ’) [ 2 g .
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B. Sens i t iv i t y  L imi t  of Superheterod yne Sys tems and Receive ’  r
Noise l”igure

Table 1, which lists all the pi u inc n ipa l sources of noise for
mi l l imeter  and submnilliiiiet er wave detectors , indicates the fundamental lini ita —
tions to detector sen sit iv ity . For a superheterod yrie system , the ult imate l imi t
occurs when the fluctuation in the compone nts of background radiation beating
with tile local oscillato r (i tem 7) is the dominant noise source. For this case
the f lOi SC t  voltage is

= H ( .IkTBP
10 ) ~ (:~)

where B is the bandwidth of the IF ampl i f ier .  Equating to the si gnal voltage
for a superheterodyne receiver ,

I ‘
-— fl ~‘~~J ) PS ‘ 5 LU ’

one obtains ,

( p )  , 2 BkT . ( . 1)S mm

The facto r of two ar ises  from components of the background radiat ion centered
at the signal frequency , i’s, and the “image frequency, ” ( 2 : 5

LO 
- u i ~~~ )~~ each of

which mix  with tile local oscillator frequency, i ’
1 ~~~

‘ 
to produce noise at the

same intermediate frequency, 
~~~~~~ 

5
~~ — v~~0

. Unless the receiver is

capable of rejecting the image frequency , this noise component will be pres ent .
For a r a d a r  rece iver , in contrast to a radiomete r , there ~ril 1 not be any signa l
at (2 1

~ ~ 
- :r~), only noise. Til e sensiti vi ty of millimeter wave superhetero—

dyne receivers is generally measured using a radiometer technique ( i .e . , the
signal—to—noise ratio for a standard blackbodv source is determined) . If this
receive-i’ is now used in a radar system , the signal—to—noise ratio will be
degraded by a facto r of 2 (3 dB). For these reasons i t  is necessary to
specify both the sensitivity of the receiver and the mode of operation , i . e.,
double sideband (radiometer) or singl e sideband (radar) , when quoting a
system performance fi gure.

10
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Equation ( . 1)  gives the sensi t iv i ty  l im i t  of an ideal ( i . e .  , one wh ich
gener ite ’s no internal noise) superheterodyne rece iver .  At the reference

temperature of ~~~i )  l~ , (P  ) . = ‘1 > 
21 

W Hz.  The e f fe n c t i  ye bandwidth ,S mm
~~~~~~~ i~~ b = 2:~. The additional noise contributed by the I n e t ce t i v t , r  is defined as
the r e ’( - e m ~~er noise ’ temperature , T\ . The receiver noise ’ fi gure , F , is then
de fined by  

-

T + 2 9)) 1’
F N 

—~~~~~ + I .N 290 290

Thus , then re~cem \ ‘( ‘ i nc i i  set fi g. ij r en , F , repre ’se-nts  the- rat io of an actual i~ecei \e ’r  ‘5

N E P  to the ideal N ET ~. It i~ u ssmal l ~ expressed in decibel; i . e .

i -~ (d B) I ’ )  b t g (~~~~1 
-)

Se ’~ c -m’a 1 tvp ( ’s  s i t ’ detee -t t ,i’ s ha ~e’ been suc c e s s f u l l y  employed as mi~~t - t ’- in
nii l l i n i e ’ t e m ’  V i i i  \‘e’ sUpe rhete ro ( lvn e m c c c i  \ et r ~~. The most p r o m i si n g  are 1- 00111
t e i m i p e rature ( aA s and silicon Sc’h ottkv diodes , ( a  As , si l icon anti ge rman ium
~t o m f l t  contact  deteet tr s , Jose phson j u n c t i o n s , a nd I nSb photoconcluetors.
The performance c ha ra c te r i s t i c s  of these detectors will be reviewed.

lv i SCHOTT KY - BARR (ER DIODES

A.  Int r oduc -t ion

The Schot tk v— b arr i e ’i -  diode is the most widely used m i x e r
c lement  in s t a t e—of—th e -—ar t  m i l l i met e r  sLlpeir ii (tt erod vn e rel.’ e ’ i ve ’rs . I t s  l l5 ( t ,
w hich ha s  pm ’ ,~ m ’ esset d to the m i l l i m e t e r region over the past decade- [ :~ , . 1j

has  l i e ( ‘ d l  ( .x t (~ndltn d to subiii ill u n  ete r w a v e l e n g t h s 1iv l ’e ’t ter n ian et ~il .  1 5, 6 1
who m easured tile ’ heterod yne and vi d t t o  t it t i ct i s it and ha l i m I t  ‘m u , ’ mii i : - . ~ig
r~i p a h i l i tu- s of I i i w — c a p ; o ’ i t a n e ’ e  sma11—e ’on t ~i d ’ t— : i rea Gim _- \s Se’hott hy diodes
I ) e t t~ ’et(~n H )  a n i l  ;~) ) U ( )  (; I Iz .  The 1’ ( t sU I Is i i i i l i e a t e c l  a he t erodv ni , ’ a nd video

• sensiti  ~- i t ~ su l) ( -r i o r I_n the p oint ( - ont at  ‘t ( l ( ’t ( ( toi , an d opened UI) t h e  possibi l i t y
i i i  a num Ix- r of suhm ill  l iii etc i’ men surenlents in radio a strono n ’my , j i !  as ma di n g—
m i t , s t u ’ s  [ 7 j  , a nd imag ing  r a dam ’ s [ S I ,  which  require ir ( n C , t i v ( t t ’ S hav ing  both high
speed ( la rge  ba ndwidth ) and high  ., ( n t l s i t i ~~ i t v .  Extension of Schottk ~’ diod e detec-
tion t i even hi gher frequene I I ’ S  has been reported very recently I A  \lc( ’oll and

11
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h o d g e s  ( 9 , it) . Using electron l i thographic ’  techniques the y fabricated 0 . 5 jA

diameter  GaAs  Sch ottky d iodes and detected radiation at frequencies up to
T2~

) ) ) (UI , . ( 4 2  p )  . h!owe ’ve’r , se n si t iv i ty  at th e’ highest  frequencies is ra th (-r

poor; the ’ video N E P is approximately I 1)) ’ W / ( 11 z) 2 at -1 2 ~i , indicat ing
that further tcchnologic ’aI advances are requim -ed to produce ’ e ff icient  Schottky
diode detectors in this region.

The point contact detecto r , which c-an be viewed as a f i rs t  g(nncratio n
Schot tky—harr ie r  diode , is  no longer competitive. In thc~ point contact the
meta l wh i ske r  is fore-ed to p lay two roles; its ti p forms the jun e-t ion and the
whi sk e r co m p letes the ’ c i r c u i t .  The Schottky diode separates the-se ihe omp atible
task s , and the result is a more rugged , reliable , and reproducible detector.
With the’ advance of microelectronic technology, the diod e junction area  has
been reduced to the point where juncti on capacitances , C

,~ are typically tens

of femtofarads ( 1 femtofarard = l0~~ ° farads) . With diode series resistance ,
H ., in tile range of 1) ) Q, the detector cut—o ff frequency, w e,, de f i ned by

-‘ C R C ,
S i

is approaching 10, 000 GHz t i l l .  Consequently, over the entire mill imeter
region at least , and perhaps into the subniillimeter as well , one can antici pate
vir tual l y  no fall—off in GaAs Schottk y diode performance resulting from the
detecto r ’s inherent speed of response . Problems do exist , however , in
coupling radiation into the diode because of its smal l size and the difficulties
in extending conventional wa veguide techniques to wavelength s near and beyond
1 mm .

The structure of a Schottky—barr ier diode designed for mil l imeter  wave
detection is shown in Figure 2. GaAs is the most commonly used semiconductor
mater ial because its hi gher mobility leads to a high cut—off frequency. Silicon
is also used , and it is claimed that the ability to prepare silicon substrates with

• m u ch  higher eloping densities ( i 0
20 

cm
1 versus 10

H 
cm ’3 for GaAs)  com-

pe nsates for its lower mobilit y [121. However , experimental results to date
fa vor GaAs Schottky ’s.

12
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ETCHED
GOLD—PLATED
TUNGSTEN
CONTACT W I R E

~~~~~~~~I~~~~~~~
l2.b p ;~~~~~~~~~~~~~ 

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

05~~m

N-TYPE EPITAXIAL LAYER

N + SUBSTRATE ~~~~~~~ ,~-m
005 i n.

Figu re 2. Top~ Structun ’ ol the  mill  i meter wa ye —cont a etcel
Se’i i i i t t I- ,~ —bar r ier  diode. The metal— semiconductor
c ontact :it - ea is delineated photo—lithographi c -al ly or
el ( ’ct l ’ t s n—l i thog rap h ica l ly .  Bottom: ~I ic rograp h of a
typ ic -a l el~odt-~~r ray ,  OflC diode of which is being c-ontacted
by means of an etched wire under compression . ~‘old
ixin din g between th e- w ire ’  and the d io ik ’  meta ll ization
can be- made to occur during packaging,  making the
( Ie-v i ( - ( ’  quite rugged (adapted from R e ’ I t ’ m ~ ’ ne t ’ 12)
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B. Se hottk~’ — l3 a r r i er  I) iode Supe-rhete ’rodyne R e c e i v e r Systems

l)ur ing  the past few y e a r s  conside rable progress has be en
macten in improving  m i l l i m e t e r wave superheterod ync r e c e i v e r noise f igures
and a good beginning has been made in develop ing si mi la r  systems f e r  sub—
mil l imeter  wa velengths. Most of these rece ’ivc ’m -s usc Schott k y—b ar r ie r  diode
d etectors as mixe-rs , par t icular ly  GaAs Schottk y ’s. Excellent performance
has recentl y been achieved at 1 1)) Gllz 1 1 t J ,  170 GhI z [ 1 1 J  , 2 :10 G h l z  I l~~, 16J
and very recently at :12 :’; Gl J z. 2 It is interest ing to note that mil l imeter
wave superheterodyne receivers were operating in the atmospheric windows
at I I ))  GI l z  and 2 :iu Ghl z  as far bat- k as 1963 I I - ’! with respectable noise figure- s
[ 2 ) ) and 26 dB , respect ively j , and by 1966 a system was operating at 600 GUi
~ ith a noise- figure of :~~ dB [ l x ] .

In general , millimeter wave superhetc-rodyne receivers  have- ut i l ized
fundamc- n tal mode waveguide and conventional waveguide ’ techniques , although
the trend at frequencies above 140 Gllz is to employ quasi—op tical components
[19 , 20 !.  For example , Erickson employs an optical di pli ’xer for e fficientl y
coupl ing the signal and local oscillator into the mixer at 325 GII z .  Other
techniques which are being pursued include ( 1) diodes with antenna s and diode
al -rav ,s ( sc -c Section Jv .D) and (2) millimeter wa ve integrated ci rcui ts  [ 17 J .

The- most promising alternatives to room temperature Sc-hottky diodes I~ r
use as mixer  elements are Josephson junctions [23 J  (Section \ . C )  and lnSb
photoconductors 124 , 25! ( Section VI .  F ) ,  both of which require liquid helium
temperature for operation. Other potential superheterodyne detectors are:
I nSb Schio tt h y diodes [2 6 !,  superconductor—semiconductor ( supcr— Schott k y)
diodes [ 2 7 J ,  pyroelectric detectors [28 , 29 , 3 0J ,  novel photocon due-tive ’
systems such as the silicon negative donor ion detector [3 1[,  and metal—oxide-
metal detectors 132 , 33 1. None of these detectors have been uti l ized in milli-
meter or submillimeter superheterod yne receiver systems and , thus , th e- re’ are
no real oe ’rformance data for them. The physic - s relevant to the operation of
these dete ctors and , where data are ava i lab le , their direct detection capab i l i t i e s
in the mill imeter and submillimeter are reviewed in later sections of this
report.

Table 2 summarizes the present status of mil l imeter  and submilh in ie ter
wave -  superheterodyne receivers. Noise figures arc quoted for complete
packaged systems advertised for sale in trade journals (Hughes receivers at
94 and 1 1(1 (illz), as well as first generation laboratory receivers using
optically pumped submillimeter wave lasers as local oscillators ( Fetterman ’s
results at 600 (i l lz) . Table 2 , although by no means complete , indicates the

H . J-: rickson , Department of Ph vs ic~ , U n i v e r s i t y  of ( nh i forn ia
at Berkel ey ,  p r i v a t e  communica t ion .
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intense scienti fi c activity in this field . The- rap id progre-ss being made is
exempli f ied by the results of Schne-ider and W m - ixon 1 1 5 1  . Their noise figure
at 2: 10 (U lz is 7 dB below that of the 1- 10 CU z receiver rec entl y dc-signed for
the A r m y  Ballistic Research Laboratories’ beamrider experiments. I” u r th er --
more , it is now generally believed that  for Schottky diode systems operating
above about I 50 GHz , noise figures are degraded by l imitat ions in a v a i l a b l e
local oscillator power [13 , 151. The local oscillator power n ( ’c ’i ’ssam -~ to

opt imize  the receiver sensi t iv i ty  is a function of coupling ef f ic iency ,  whi -h
falls off rap idly at the higher frequencies. Til e actual 1,0 power required
at the- d iode  appears to be in excess of se-ve-r al milliwatts.  \A r ixon 1 1: 1 1 found
that the 10 power was insufficient because there was a 1: dB loss through the
coupling cavity using a 35 mW klystron at 175 GHz. Schneider and W rixon j l S j
use a doubled 150 mW , 115 GII z  klystron as the 10 for their 2 ::o Gu i. re-ce iv em’ .
They -stimate that their doubler has an efficiency of :~ to ‘1’~ , and mea ure a
recti fied current of 2 .5  mA with the mixer detector directly at the output of

the multi plier . On the basis of previous measurements with mixers  at I P1 (31/ ,
t h e y  believe 2 .5 mA of recti fied LU signal is sufficient to min imize  rece iver
noise ’ figure. Thus , it woul d appear that approximately 5 mW of LU power at
the d etecto r is required to optimize millimeter wave Schottk y-barr ier  diode
mixers.  Improvements in receiver design , increased efforts in develop ing
compact and stable LU sources in the 150 to :100 Ghi z  region , and/or more
eff ic ient  mil l imeter  wave doublers and tri plers 35J shoul d enable this power
level to be reached in the near future. At present , however , this power require-
ment is one disadva ntage of Schottky diodes relative to the helium-cooled
Josephson junctions or InSb photoconductors for superheterodyne receivers
operating above approximately 150 Gh lz.  The cooled detectors are optimized ,

as mixers , at LU power levels of 10 to 1
6

W (see Sections \‘.C and VI .F) .

A new technique known as subharmonie mixing [ :36- 39j appears promising,
based on results obtained in the :10 to 60 Cl -li  region. Subharnmoni c mixing,
which uses a pair of diodes in an antiparallel configuration , is a sophisticated
modification of the more conventiona l harmonic mixing technique. The
advantages claimed [36 j for this confi g’uration are:

1) Reduced conversion loss by supressing the fundamenta l mixing
products.

2) Lower noise fi gure through supression of local oscillator noise
sidebands.

‘1i~fter i nsert ing their coupling cavity , which had a 7 dB transmission
loss , th e- rectified current fell to 0.:; mA , and they estimate that the then
inadequate LO power adds 3 dB to the 230 Gllz receiver noise figure.
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: :) Supre ssion of video detection.

4 ) Inherent self—protc c-t ion against  large peak inverse voltage burnout .

~l ill imeter  f lave r eceive-m s using the subharmoni c m i x i n g  tee - u nique are currently
under development at a numbe r of laboratories , including I lughes Aircraf t .

Some effort  has been directed at improving the performance of Schott k y
diod e mixers by cooling. Under most conditions , the principal source of noise
from a dc—biased Schottk y—barr ier  is shot noise. In tha t  cas e - , the shot noise-
po~’~e’i is

1 SN 
= q I H B

where

q = electroni c charge

I diode current

H = variabl e diode resista nce
x

B - - bandwidth.

For a diod e at room temperature , the I — V  characteristic can be written as
\•

I = I~ e ~
. Assuming that thernlioni c emission is the dominant conduction

m echanism , the constant 
~~~~~ 

is approximately

V = ~~~I(I q

Therefore ,

—1 -

~ 
(dl \ ~ 0 kT

x \dV) 
— 

i 
- 

cii
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and conse-quentl y ,

kTB = kT B
~~\ 2 eq

where “eq is the equi valent noise temperature of the diode. Thus , the noise

power should decrease l inearly wi th temperature. This will occur until the
temperature is reduced to the leve l where field—emission dominates , at which
point \‘~~ and become- temperature- independent.  A ctually , f ie ld emission

contributes somewhat t conduction e’ yen at room temperature ’. E x p e r i m e n t a l l y ,
what has been observed is a reduction in noise- power of a fa e- tor of 2. 5 upon
cooling the mixer  from 290 K to 77 K and no fu rther reduction in cooling to
1~ K 13 4 ) ,  which is in reasona ble agreement with the pree- -ding argum ents.
The magnitude of the gain obtained by cooling appears to be inadequate to
warrant its application to field radar systems.

in conclusion , one can expect continued progress in the near future for
room temperature, millimeter wa ve’ Schottky diode superheterodyne systems
operating up to and beyond :100 GHz as diode fabrication techniques , local
oscillators , and receiver designs are improved.

C. Sehottky-Barrier Diode Video Detectors

A comparison of Equations (1) and (2)  indicate that good
mixers are good video detectors because the same detector responsitivity , R ,
d etermine s mixer and video detector performance. For applications where
fast response is not required , thermal detectors are useful and are widely
employe d as video receivers , whereas these same detectors would rarely be
lound in superheterodyne receivers because of their restricted bandwidth .
‘I’he ideal millimeter wave detector would have a fast response , high sensitivity,
and operate at room temperature and would , thus , be equally suitable for
video or superheterod yne reception. At the present time , such a detector does
not exist , and one is forced to trade off high responsivity for fast response.
h oweve r , progress in fabrication of millimeter wave Schottky diode detectors
over the- past decade has made this detector the most promising of the
alternatives.

Figure 3 compares the state-of-the-art in diode performance in 1967 [40 1
with that at the present time. The present day results are based on an estimate
from conversations with indi viduals Intimately connected with millimeter wave
Schottky diode development rather than published data and , as such , are prob-
ably uncertain by approximately a factor of 5. Nonetheless , the trend is unmis-
ta kable , i .e., an order of magnitude increase in the high frequency cut—off.
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AMPLIFIER BANDWIDTH: 1 MH z 

_______ 
STATE—OF—THE—ART
SCHOTTKY DIODES. 1977

~ -70 -

STATE—OF—THE—ART
- DIODE PERFORMANCE 1967

I—. I I I t i i i  I I 1 1 1 1 1  I I £ 1 1 1

1 10 100 1000
SIGNAL FRE QUENCY ~GHz)

Figure :i. Tangential sensitivity versus signal frequency for
good—quality detecto r diodes ir ’ 1967 [4 0 ]  and 1977 (es t imated) .

The most common method of characterizing a video detector ’s sensi t ivi ty
is to give ’ its tangential sensitivity . The tangential sensitivity of a d etector is
c-ssentially defined as the signa l power required to generate a “reasonabl e”
signal—to—noise ratio on a video display. The definition of reasonable is made
semi—quant i ta t ive-  by specifying that the tangential sensitivity is that power level
at which the highest noise peaks in the absence of a signal are at the same le vel
as the noise peaks in the presence of tile signa l ( Figure -1 ) .  A tangential
sens i t iv i ty  rating corresponds to a signa l —to—noise ratio of approximatel y 2. 5.
f u r t h e r , tangential sensit ivity is usually defined for a particular~~apr1width

appropriate to the- video amplifier employed. To convert to NEP in W ( l Iz)
the- common definit ion of detector sensit ivity in the optical and infrared , we ha ve’

t a n g e n t i a l  sens i t iv i ty
- 

= N J : P

~‘if lc(’  vid eo (leteCtor noise i)0\Ve ’r increases as the- square ’ roOt of the bandwidth .
Rc - fe ’I -r in l  to Figure’ ; ; , the present G a A s  Schottky diode provides a tangential
se n s i t i v i t ~ of app rox ima te ly  — 55 dI3m in a I MHz bandwidth a t  I l l )  C l i i .  The
NE1~ is , therefore

—12
N I ’ P j • f ,  ‘ IC )  W (lii)
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Figure 1 . Tangent ia l—sensi t i v i t y  m e a s u r e m e n t
vi sua l display )10)

In contrast to the la ige ’  number  of ar t ic les  on millimeter wave superhete !rod yne
receivers  u sing Sehotth y diodes , there is a l ino st  no literatur e on the- video pci- —
formance of these detectors. A recent article in Microwaves I ’ l l ]  quc)tes an

N E P  of 4. ~ - io _ I  ~ w ‘(II, .) 1 2 but no reference is gi ven nor is the frequency
5 1) c ’ci f ie- d . Gene-rally,  until  a year ago , I\i’ P ’s quoted in the l i terature  we’re in

— ‘1 — I I I  1 ‘
‘

th e’ l ange ’ 01 10 - tc) 10 W ’( l I z )  [ 4 2 )  . llowevd ’i’ , there arc isolated
repo rts ol’ hi gher  sensitivities.  In 1966 , Bauer et al. 14: 1 ) quoted an NEP of

—1 2 1 - 2  —12S - I I )  \\ ( l i z )  at 2 -~l ) GI lz  and 1.6 10 W / ( I i z )  at 1-10 GHz for
:~~-i 1ic on— tungsten point contact de-t -cto r . A ppa rently, the vc-i ’~ best point
( ‘ ( ntn ( ’t  detectors arc (fo r a short t ime at least) comparable in sensiti vity to

a ) t t i  .V c l i es i t ’ s . Part  of the progress of tile past 11) years has been to develop
a m e ’p ro c l uc th le- and rugged version of the bc-st i)Oi flt contacts.

i n v i e w  of the s i m p l i c i t y  of operation of video Sc lio ttky diodes , a number
of app l u - a t i ns in the mil l imeter  region can be foreseen. Therefore , it ~vuld
he- c ry use ’t~m I to ha ve a conl plete , dc-tailed stu dy of the NEI ~ of th e-se- detectors
ove r t i l t-  a t ir e  m i l l im e t e m- andl submil l inlete- r wavelength range.

D. Planar Schottky—Barrici - Diode De-te e-tors

R e-lat i~’e to point contact detec-tors , considerable improvement
in per formance , reliabil i ty , and i-uggeclness has been obtained by using m i c r o —
-lectronic technology to fabricate Schottky diode- eletectot ’s. II-  ~vev e ’r , while

the ( ‘t ( ’h &- d wh i ske r  is no longer part of the junction , it still  must  be formed into
a mechanically stable shap e , which also serves as a high frequenc y antenna ,
and then he attached to the diode. In contrast to the diode l~,mhrie ’at i on , th is
pi- ocess ren~a ins m t ’ I a t i v e - l y  unautomated and time consuming , and the ability
of t h -  thin whisk er  to s u r v i v e ’  una ffected in a h i gh—g,  high v ib ra t ion  environment
i s quest ionable .
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One promising approach to overcoming these ’ di f f icul t ie - s has been the
fabr ica t ion  of small , p lanar , surfa ce —oriented ~chottky diodes i n which 1)0th
te- rminal s  of the recti fy ing j unction lie on the same- surface of the semiconductor
w a f e r .  Devk-es wi th  this  to pography, wh ich  can detect and mix  at mil l  Jnlc’ter
and submi l l imeter  wavelengths , have re -e nt l~’ been developed by Murp hy et al.
[ 1 4 ) .  ~1ix ing ol the ~2nd harmonic- of an N —band kyistron with a submillimeter
laser has been obsei-ve-d in tile-se devicc- s , and direct detection capability at
fi -q ue ’nc-ies up to 2 5CR ) ( I I z  ( I I  ~ p ) has been demonstrated . 1 At this early stage
of de velopment , the plana r diodes al-c roughl y an order of magn i tude less sen-
si t ive than conventiona l ~chott k y ’s designed for the mil l imet e r and submi l l imeter

~‘~a ve-length rang e , but one can antici pate improvements in sens i t iv i ty  as the
Plana r diode design is optimized. Furthermore, their simplil i e-ci geometry
may aflow them to he (Ic-signed into configurations totally d i f fe ren t  from con-
ve ntional ~c’hott Lv ’s . A scanning e’lectron mie-rogr aph and a schematic of this
devic e are shown in Figure 5.

The planar topography of these devices suggests a nunlber of app lications.
Fi gure 6 shows an array of planar diodes on a single GaAs wafer .  These diodes
can be indiv idually contacted and signals reaching them processed electronically
in a num ber of way s . This could provide a method of efficient coupling to the

OHMIC

Fi gure  5. Top: ~c-anning electron micrograph showing 2 ~i m diode ’
( s m a l l  dot in center) , ohmic  contact establishing connection to
n - I 1 ( 1  1 f dio(Ie , and two me-ta ! stl ij ) (-onta(-t s . l3OttOfl) :

P lanar  ( iio1l ( ’ as !abrie ’ated by gi’ ‘wth ol n—n~ ep itaxial l ay e r s
on a lllg h—resU -’t i v i t ~ GaAs substrate -  1 - I I  I.

I I .  11. I-’et t t ’rma n , MI’!’ , I , inc-oln Laboratory ,  I i i  vate ( 0111 f ln in i c : I t  ion .
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t i ’ c&’ —~~o,’t ’ r a d i a t i o n  I n l i d e  ( I t ’ , pce-~-- i h I~ , t l i t . ’ l ( - t ( ’ ( ’ t ( i a l l a y  b r  0 n i i l i i i u ’t e i ’

~\ a v e ’  i a i ~in::  5\ st e in .  ,\ not li e i ’ Ix ) te ’i l t ial  app l i c a t i o n  f o r  tile-se- ( l ev ic e s  I —

m d i  : te d  by 1- ’ig ui ’e 7 w hik ’h  sho ws a n i i c ’ t ’ ograp li of four p l a n a r  d u u h - s  on a
( ; a , -\s ~ a l i t ’ . The ’ wh i ske r s  on t l~ e l e ments  a l - c ’ f a l j t ’ i e - a t i - d  t I  d im e n s i o n s
cor responding  to a h a l f  w a ~c’length for four di fferent suhm i l l i  m t - t I  i lose - i ’
sOUi’ e’s t - provi de  an antenna structure for e f f ic ient  radiat ion coupling into

h c -  ju i le t  i i i .  The leads at  righ t angles to the ’ antc-nna and the re-ctangular pads
a i- c d c ’ s  i ne-d ( f o r  m ixei app l icat ions ) to pt-c-se-nt a high impedance- to the signal
and a low i i i ip edanc ’e ’ to the IF freque-ncy . Polarizat ion sc-lect~ ~‘i ty  is another
I I ssiI ) le ’  app l ica t ion  suggested by Fi gure 7. These concepts are- still in the
e’ ;i r1~ research stage and data are not y e t  a v a i l a b l e .

V. JO SEPHSON JUNCTION DETECTORS

, \ .  Introduction

A number of unusual effects , which c-an be uti l ized for the
detection ( I f  m i l l i m e t e r wa ve radiat ion , occur when current flows through a
I ar r i e - i ’  between two superconductor s.  The phenomena , p redicted by -1 OSc’ 1)hso!1

1- ( ’su l t  from the p hase- difference , ôç~ , bctwec-n the- wa ve functions for
p a n e - I l  elec trons whicil describe the macroscop ic supercond ucting qua ntu m
states on - : ich side of the junction. Figure Sa is an examp le of the design ot a
sim ple- , J o s ( f  hs n point contact junction. The oxide har r ie r  between the
i i i o (  1 1 1 1 1 1  t i p a nd w i re  is t \ p ica l lv  10 to 2)) A . Other types of -Josephson junctions
which are - cu r r e n t ly  under stud y are the supe-rc:onduc- tor—insulator—supercon ducto r

~ f~~) t h i n — f f l  m j unction and the supercondu’-to i’—n orm al nieta l—supc-rconductor
s~~ june t i -  -n , both of which c-an be fabricate d witil plan ar  integrate-e l t e chnology .

The - g ’omI ‘t ry  ( i i  the-se - devices  is shown in Fi gure -sb . While the latte r devi ce ’s
ho ld  I I r omi~~- for solving m a n y  of the prob lems associated wi th .loSep llSOfl

t i n - t i  -i ~ i i i t  conta c t  detectors ( n a m e l y ,  f rag i l i t y ,  sensiti  \ i t \ ’  to vibi-zi t ion a nd

~‘le ’ct r i c : I m i s c - , va i i a tion in op era t ing  characte i -i st ie ’s  from (k ’t ( ’e toi to

d- h - C14 II’ , a nd ( l ( ’ t ’j ’a ( io t iO n in p er fo rmance  a fte r the-rn ial i t - c y c l i n g )  , up I ’  - the
- nt t ime-  th e’ point contact iosephson jun ction is the only typ e that  h as  been

I I 5 - I  ~u ( I ’ I ’ s s f t tllv as a detector of mi l l imete r  wave radiat ion.  In contrast ti-
t l i (  (~ !s) and (~~~~s) junctions , the point contact has a i’e - l at iv cly high impedance
(t e n to — e  ( - b a l  hundr ed o h m s)  , which couples well to the- rad iat ion  field , and a

I n  - t i - ui cap acitance small  enough to allow the detector to respond to frequencies
as high as 1000 G!lz 1 4 7 1 .

E-’iguu’ es 9 a nd IC ) show the idea l i / d - ( l  I — \ ‘  cu rye ’s -i a typic al  po int  CI ( 1110 ( 1
. T e ~~’ i I I t s I l u  un ( - t i on  w i thout  dc and with n \ po s U l e  to m i ( ’ u c . )wa~~e- i’ ad ia t iun .
The s t r i k i n g  di I f e  r - ences hetw ccii t in -  a t -  and tic ( ‘U I yes suggest  the unique
pote-ntial ol’ the 1os~phson junct ion k b -  m i l l i n t I - t e l ’  wa ve te -h i i o iog y  — as a
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SUPERCONDUCTING WEAK LINKS

x

Figure —s . Top: I~oint  e’onta -t lx-tween two superco nductor — .
Bottom S~in dwich junct ion in whic -h the ba r ri -r may be
10 to :iu ,\ of insulating oxide (SIS) or several thousand
angstronis of a normal metal (sN s)  [ ‘ l h J .

~ —100 -

~~— 150 - 

£

—750 —500 — 250 0 250 500 750

JUNCT ION C U R R E N T  IpA)

Figure 9. Current—voltage curve for an Nb—Nb point contact
.Josephson junction at -I . 2 K L -1 -~I .

sensiti ve , broadband , and hi~~ —sp eecI video detector [ • l sj  , as the mixer
element in a heterocl yne receiver I ‘b ) J ,  a voltage tunable narrowband detector

• [ S 0 J ,  a parametric amplifier 1 5 1 , 5 2 1 ,  and even a m ill imeter and subm illimeter
source 153 1. Unfortunately, while all of these capabilities have been demon—
strated in principle during the past decade , there are at the present time
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Figure 10 . 1—V curve for an In—In  point contact Josephson junction

in the presence of ~~~~ W of radiation at 150 (illz [ 4 s ] .

virtually no mil l imeter  or submillimete r wave systems which use Josephson

j unctions.  ‘~ This  situation is almost certainly not due to the difficulties ass o—
r i oted  with operating at temperatures near absolute zero since other low k - i n —
perature devices I e.g. , masers , bolometers , and photoconducting thr  inf i -ar ed
detectors ( doped germanium , InSb, and GaAs) I are widely used in s~ stcms
requiring high sensiti vi ty . Presumably, Josephson junctions have not been
inc oupora ted  into millimeter wave systems because the problems of r e l i ab i l i t y
and re-producibi lity have not been solved , and one must take this  into accoun t
when comparing reported noise figures and noise equivalent powers of •Iosephson
junctions with competing detectors .

B. Josephson Junctions — Video Detector Performance

The current—voltage curve for a -Josephson junction biased
with a de voltage is shown in Figure 9. The resistance of the junction is ierc-
for currents less than I

~~
, the maximum zero voltage current. For I < T o only

5
One notable exception is the recent development by Edrich [2 3 J  of a

315 G}Iz Josephson junction receiver, with a double sideband system noise
temperature of 1320 K. This system is planned for installation on the 36—foot
radio-telescope of the National Radio Astronomy Observatory in Tucson ,
Arizona , w ithin the next 2 years.
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su pere-urrents flow ( 1. e. , electron pa i i ’s)  . l-nr  I - ~ the i ’ ’ is a t u - ans i t ion to

Ilornial fl’s istance , an( 1 1)0th normal e ’u i’i ”, -nts and su l s - rc u l ’ l - c’nts f low.  ‘T he
on the j un c -t ion of an ine- i ck -nt  e - l ec ’t romagnet n ’  fi ’ l t I  is quit e - complex , as

F’i g’ure- 10 ) ind ica tes .  J- ’oi- broadband video clete- ’t io rt app l i c a t i on s , the- impor t a n t
- l i n t  is that  tile applie-d radiat ion rc - ( lU c e S t h e  ma x i i l i u f l i  i c - t o  volta ge- current

and , thus , h~ biasing the- j un c t i on  with a c-I In s tan t  c-u i -re -nt sou rc I  i t  a value- j u s t
ab ove- 1 ,  a voltage proportional to the inc-id e -nt f ield inte -ns itv is g rn

J:ig -w~e 11)

Fi g u r - 12 SiloW s tile broadband mill imeter wa ve- r e sponse-  of a N b — N h
i i  -~ ‘p hI ~ ofl j unc t i o n  po int contact  det -ct ~ r ‘17 1 at -1 . 2 N . This  is not a de-tec-tor
response curve bu~ a system response , which includes detector , b lackbody
~~ I urc ’e- , and interferometer.  lb we-ver , the high frequenc y cut—off  at appr ox i—
uiia t elv ,~i ) t t  GJ ] z is a detector characterist ic.  Ignoring the’ large p - a J < s  in the
resp ons i v i ty  betwee n 10( 1 and 200 GII z , the envelope of tile curve is re la t iv e ly
flat  to Gl I z .  A s a rough approximation , one can assume that the ’ source
en e r g Y  incre-ases as the square of tile frequen cy in this region and that the
interf erome-te- r has a flat response. Thus , the detecto r rc-sponsivi ty is gc-nerallv

9

~ a i ’ v i n ~, as I ~i’  , probabl y as a resul t of the dc-creasing impedance present(-d tI the
radiat ion by the junction capacitance. Bianey [-17 ]  notes that , “the response
curs t - does not represent all Nb-Nb junctions operating at -1 . 2 K. ” rhat is , the
fr e qu e-n e-~ dependence of the responsivity of Josephson junction point contacts
is not understood at grcsent . Desp ite these uncertainties , the best sensi t ivi ty
fig ures f o r  ‘ I -  sephson junction mil l imeter  wove detectors are impressive.  The
r c suits given in ‘lable 3 indicate that the best Josephson junctio ns have an
N I- : P at least  as low as t h -  best cook-d bo lorne -te-rs for \va \ eleng’ths of 1 mm andi
longer and , being fast , have ’ a much greater bandwidth capability.

w

4I- I

J15U1

4 C U R R E N T

‘BIAS

Figur e 11. ~c-he-unati c I — V  curve- showing how applied rac1iat~on changes
the iero voltage current , so that a chopping bea m results in a
modulated voltage. In the absence of radiation the Lu l l  curve is
obser ved , but the application of radiation reduce- s the maximum
tern voltage current and shift s the- curve to the dashed positio n.
A constant current externa l source sets the operation at a point
o f h igh  slope lb-I  I
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Figure 12. Variation with frequency of the response (in arbitrary
linear units) of an Nb-Nb point contact to radiation from a
mercury discharge lamp as measured by a lamellar grating
interferometer. Nominal resol ving power , 7. 5 GHz;
junction temperature, -1 . 2 K; constant current bias giving
a nominal dc voltage of 50 ~iV (Josephson frequency 24 GH z ) ;
maximum signa l level, 5 juV; and post—detection time—
constant , 1 sec [4 7 J .

C. Josephson Junctions — Superheterodyne Rece iver Performance

When a Josephson junction is biased with electromagnetic
radiation , an exceedingly complex nonlinearity is developed between current
and voltage , i. e.,

1(t) = ‘c sin 2 dt’

where 1
c is the maximum zero voltage current in the absence of radiation.

This nonlinearity can be utilized in the development of millimeter wave Josephson
j unction mixers . The Berk ley group of Taur et al. 14 9 1, has reported noise
figure measurements at 36 GHz using a point contact losephson junction as a
mixer . Kanter 154 1 at Aerospace has made similar measurements at 95 GH z
and Edri ch 123 1 recently reported results at 300 Ghlz. The latter results
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‘I ’ABLE :1. SOME VIDE o I)ETECT ION l~11OPEHTI1- S OF POINT
( ‘( INTA CT JOSEPh SON DETECTORS ( 47 1

Properey Pe -r form an e-e

Opera t ing  t en ip e-ratur e  below —~ 10 K

l-’r equency 1-ange up to 1 TIl i. (0 . ~ fll fll)

Rad iation ~~O\\ C r  level ~ i i )  W (a t  X = :~ mm)

Responsi v i t y  to 10 V W 1 (at  A = :i m ni)

N oise  equivalent power 5 x 10 
1~ W(H z) 1 2 (a t  \ = 3 mm )

(best achieved) — 14 — 1/ 2
10 WWz) (at  ~~= ~ n im )

- 10~~~ ~~(H~~~
1 2 

(a t  N =  I mm)

l~~-sponse time ? l0~~ see- (direct  measurement)

~ io 10 sec ( inferred from
mixing experiment)

are- contained in Table 2 , the summary of state—o f-the—art noise figures for
mil l in ic -ter  wa ve- superheterod yne receivers.

Kanter ’s conclusion is that both the noise fi gure and frequency dependence

• of -Josephson junctions are comparable to that of cooled
6 

Schottky diodes , and ,
therefore , they do not offe r any advantage over Schottky ’s wh en used as mixers .
h i s  op inion is that  the real opp ortunity for Josephson junctions resides in their use
as act i ve parametr i c- amp l i f iers .  This statement overlooks the greatly reduc-e(1
local oscillator power requirements of Josephson junctions as compared to

Schottky ’s ( 10
6 W versus ~o

_2 
w ) .  Because local oscillator power is not

readily avai labl e -  above 150 GIlz  at the present time , Josephson junction
r e c e i v e r s  sho) ul(l out—perform Schott k y receivers at these frequencies. Edrich ’s
double sideband noise temperature of 1320 K at 300 GIIz , using a point contact

6llecause Josephson junctions must , of necessity , operate near liquid
helium temperature , their sens i tivity should be compared with the corresponding
results for cooled semiconductor diodes . Measurements on cooled Schottky
diodes have been made by Weinreb and Kerr 1551 and are contained in Tabl e 2.
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1 si -phson j unc t ion  as the mixer , a m a s e r  as the- I F ani pli t i er , and a t r ip led
L l \  st  con as the loca l I i s c i l l a t i  ii’ , tends tI i c o n f i r m  th i s .  l loweve t- , as I , ( I p owe-u ’
if le rca  ses , S1 ilottk y diode i ’t ’c ~ ’ I ye’ i’ s shi i  It t  Id o t t :  In  at Ic-a st the same pe-rforn lanee
it’ vt- i a t  UI i s  frt- quene- ~ .

V I. MILLIMETER A ND SUBMILLIMETER WAVE PHOTOCONDUCTIVE
DETECTORS

A. In t roduct ion

At  or ne-ar l i qu id  he l ium tc-nl pe- ratu i - (’ , m a n y  h igh  p u r i t y
s( u i I I  (on du et i  i’ s ( inc- lu d ing Ge- , Si , Ga As , a n(l inSb) bec ome fast , rugge-(l , and
S ’ f l s it i  \ C’ detectors of m i l l i m e t e r  and subn i i lh im et c -r  radia t ion.  A number  of
cli f f t - r c nt 1)hl ~ s t e a l In ’ 11)e I ’t i ( ’s  can r i -me ’  into play at low temperatures w h i c h

‘110 ble- e lectrons di s t r i  bute-d throughout tile bulk of the scmiconduc-t Ii’  n i a t e -r ial
to  ab sorb  radia t ion  in th i s  regime- and tha- i - eb v change their  state in such a way
t h a t  tile-il’ m o b i h i t ~ in the sample is alter e-d , leadi ng to a photo c-onduct ive si gnal.

The- mu st  ( -( Imn lon proc-e-ss u t i l ized is ca lied -x t r i n s i  e’ photoconducti vi tv .
Lu t h u s  tec hnique -lectrons (ho les )  bound to donor (acceptor) impuri ty  sites by
a h ’ d r -  gen a t o m — l i k e  potential are exci ted  into th€- conduction ( vale-nc -c -) band.
I ’h t -  ( - l ( ’ ( ’ t r  in s  (ho les )  thus  free-cl are  able- to c a r r y  current  and the conductivi ty
i f  the so mph ’  inc rease-s. The ion iza t ion  energy for hydrogenic i m p u r i ty

i-c -ate-i’s in semiconductors  is a pproximately

I-: . • = 13. ul l * 
( -V )

I on l i  2m

~t h e r e  m is  t i le- - t f u ’ c t i  ~i- mass of the free carr ier  in the semiconductor and
is t h e  d ie- l e c t r ic  constant.  Small hand gap semiconductors such as GaAs and ,
(‘spec i a l l y , !nSb have small  values of m* and large dielec tric constants , thus
loca t ing  thy ioniza t i on  energy for donor impuri ty  c-enters in the mi l l imete i  and
subniiIlimetei . For examp le , InSb has m* = 0 .1) 13 III , c = 16 , and E , - =-. e

7 meV .  Unfor tunat -I v , b inding energies  t h i s  small  imp ly ve ry  large’ h y d r o —

ge nie- or b i t s  , and for I n.Sb the Bohr radius is roughly 5.6 -- 10 cm. As a

m i lh i—elec t ro n  volt (m eV )  8. 1 cm 2-I t )  GII z

—9/m ~~\
l h  Rad ius 5. 1  1(1
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result , i i  the- i m p u r i t y  concentration is not less than approxi nlately 1)) ~
t ile-I C’ ex i s t s  su f f i c i en t  interact ion between adjacent orb i t ing  e lect rons  to ele loc -a l—
i ,e them , and the d is t in ct ion  between bound localized elections and free elec-
trons in the ’ conduc tion band vanishes. Be cause Ln Sb has not as v - t  been produced

i t  the requi l- e(l puri ty , t x t i - i n s i c ’  photoconcluc-ti vit y of th i s  type  l:o s not bc-en
t r V ( ( l .

B. ( a As Ext r ins ic -  Video photoc-onducto i-

I-~or GaAs  the puri t y requir e-nle-nts are reduced (m * = 0 .065 in ,

- = 1 2)  , and ext r ins ic  photoconduetivit v is observed (56 , ~7I for donor i m p u r i t y
15

conce-ntrations up to I - - 1)) cm . Optimum sensit ivi ty occurs at a donor

i m p u r i t y  concentration of 2 -~ 10 ~ cm ’1 [57] .  The frequency dependence of the

re -spons iv i tv  curve is shown in Figure 13. The NEI ’ at :15 cm
1 (the pea k of the

response curve) is 1 x i0~
12 W ‘ ( H z )  

1 2 In common with al l  ex t r i n s i c  pho to—
conductors , the response exhibits a sharp low frequency c -ut—off , w h i c h foi

GaAs  occurs at 25 cm (750  GH z ) .  This represents the low frequency l i m i t

10

8
U)z0
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-I
UI

2 -
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~~ (GHz)

Figure I t . Extr ins ic  photoc onduct ivity spectrum for high puri ty GaAs
at -1.2 K. N E P  at peak of response curve is approximatel y

I -~ 
1)) 12 W (H &  

2 157 1.

:jl

_ _ _ _  - - ‘ -- - 
- *



of extrinsic i)h Otocondu ct ivc- detectors at the present t ime. h owever , adva nces
in semiconducto r crystal growth and p u r i f i c a t i o n  techniques for na r row gap
materials  such as In Sb , lnA s , and HgCdTe m :v  ‘ro vi d ( - extrinsic photoconduc—
tive detectors which can up rate at lower frequencies , perhaps down to 200 GHz.

C .  !nSb h o t  Electron Video Photoconduetor

A second mechanism which leads to mi l l imete r and submil l i-
meter photoconductivi ty involves the mobi l i t y change of e-k-ctrons a l r ead y  in til e
conduction band upon the absorption of radiat ion.  This effect is generally known
by the term llc)t (or free) electron photoconductivity and has bee-n widely used to
provide a sensi t ive -  mil l imeter wave detector , predominantly in In Sh. The-
e ffect is quite general and has also been observed in Ge [5 s j  and GaAs [5 6 ] .

Because of their high mobility in high purity semiconductors , electrons
in the conduction ba nd ar e  essentially uncoupled from the lattice at liquid helium
temperatures and interact predominantly by (Rutherford)  scattering from the
ionized impurity c-enters. The cross section for Rutherford scattering is pro—

portiona l to 1 E
2 where E is tile kinetic energy of th e- electron. This strong

de-penele-nce- on E produces hot c-Iectron photoconductivity because when the
electron ai) sOrhs radiation by free carr ier  absorption , its scattering cross
section decrease’s; hence , the mobil i ty increases and one observe-s a correspond-
ing  drop in res is t iv i ty  across the sample. In contrast to ordinary photoconduc—
ti ve ’ pr ocesses  where the absorption of radiation allows a carr ier  to make  the
t rans i t ion  from a bound state to a high mobil i ty  state , the hot electron response
increases with inc-r easing wa velength sinc e the c-ross se-ction for free ca r r ie r
absorption is

2 ane 0
U -fr -e co i n e r  2 2

~~ [1 + ( c - r )  I I + ( c*,’T)

~thcre  n is the ( - a l - I - i c r  concentration and r is the co l l is ion t ime.  In lnSb the

1s’ak r ( ’s)n n s i v i t y  oc curs near I fll fll and fal ls  of f  as I ~~ ‘ in the subnlillimetel’
range .

The In.’b hot eli-ctron photocondue-tor is also called th1- Roll in detector’
a fter the ind iv idua l  who suggested its use [59 1 . Its capabilities we-re first
(k -monstrut€- d by Kinch and Roll in 160 1 , and it has been widely applied to high
54, ’n s i t i  v i t y  m i l l i m e t e r  and subulillinlete r’ measurements where- conditions allow
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the use ’ of l iquid hel ium . The re-lath e spectral rc-spons i I P of the- fl I l l  n
I b - t ( ’ c ’ t A i ’ is shown in Figure 1 I . The N E P  at the- i’ e- sp o n s i \  it y peak ( th e-

—12 1 “-‘i t - g i l  In between 1 and 2 mm) is approximately 1 - 10 \V (liz) —

, although

Vy s ta vk in  et a l . ,  claim to have measured an N E P  of 2 ~
- 10 H w ( h i z ) ~ 

2

b r  t h i s  detector by carefu l ly  op t i m i z i n g  the detector ’ geome-ti -v and the’ r ece i” ing
chamber  I

1’)

10 -

9 -

8 -

Ui 7
U)z0
U,
UI

U I 5 _
>
1-4

3 -

2 -

0 _________________________________________
0 5 10 15 20 25 30

1150) (300) (450 ) (600 ) (750 ) (900 )

FREQUENCY cm~~ 1GHz)

F’igure 1-i. Spectral response of the InSb millimeter wave detector.

NE !’ at peak of response curve is approx imately 1 ‘ 10
_ i l

W ( 1hz )  
l 2~ This can be reduced to 1 - io I2 

~~/( i i )  1/2

by the use of a cooled step-up transformer or by the
application of a dc magnetic field in the range of 4 to
M kilogauss ( ; : t I .

33

‘.
4

—-_ 
-

~
-‘—‘----- ‘—:‘-‘- ‘

~
— 

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



I) . I nSb ( vc -lo tr on Re sonance Video l)e-te-cto r

The app licat i i  il of a nr agnct i - - f ield tI) the- Rol l  in  dc-te i ’ to r
extends its use-fulness into t i e  submillimeter and fa r—inf ra red .  Fr ee - c a r r i e r
absorption is replace d by e - y e - l c i t i - on resonance absorption between adjacent
Landau lc-~ e-l s in the presenc e’ of a dc magnetic field , and just at the- freque-nc -ies
where- a - l i e- c r i l es  sm all , a becomes large- an d

fre’e ca i- i - icr  cyclotron resonance
sharply (k- fine d in terms of wavelengt h response. The l)eal~ cy clot ro n re sonance
ol)sorl)tion (and  cot r e-sponding phc itoc -onciuc -t ivi ty ) occur- s at the l a n d a u  l ev e l
ene i gv sc-pa ra t ion

= ~~
—

~
-
~~~~

- hc~111* C ’

where  11 is the- magnet ic ’  field intensi ty  and c is the velocity of l ight .  The
m a x i n r u n t  e-yc- lot ron  re son ance absorption is one ha l f  the- max imum free’ ( ‘a r -r i ( - i -
ab sorption e- u r r - esp n d i n g  t the fact that u n i v  one ci rcu la i - ly  polar ized component
iu f  radiat ion is e f f e c t i v e  in cyclo t r on  resonance.

I n addi t o n  0 extc-ncling the- r ’ange of tile- cle-h -ct ( i i ’ , th e use of a In agne ’t i  c
fiel d with InSb , called a Put le ’y detector , provides inc -I- eased re spons ivi tv  at
low f i e l d s (B  I~t k i logaus s)  and a tunable , narrow band response at higher
fields [60—63 1  . l’igun- 15 shows the measured I-esponse of the- Putley detector
at val-iou s magn e-tic- f ields , i n d i c a t i n g  that the tunable narrow band capabi l i t y
e ’Xt c- n ( Is from app i-oxin ia te ly  I 5~

) (1 to 2 )) p using a 100 ki logauss superconducting
magnet sy st e-n l .

E. Silicon Negat iv e -  l)onor Ion Video Detector

The combination of InSb and GaAs provi des  photo concluc -tive-
cl -t -c-tion capabil i t ies extending from the mil l imeter  to 11)0 p .  I-’or - wavelength s
shorter than  120 p ,  doped germanium detectors a re ava i l ab le  [6 4 1 .  Th u s , the-
entire-  spectrum from the mil l imeter ’  to 1) ) p and beyond is cove-red withl
photoconc lucti ye- detectors. }Iowt-ve -r , tile’ c-ap abi l i t i e-s  of mid—inf r a r e d  detectors

e. g. , ( k-te cto i - s at 10 . 6 p ) are’ superior to those- in the mil l  inlet-  u and sub—
m i l l i m e t e r in terms of speed , quantum effic iency , and responsivity.

Spot -I l  t i f  response is a i~ui’ti cularl~- se rious problem . The- i’es~u~u isc-  ti me-
if the In.Sb detector is approximately 0.-I mse- c and , ther ’6ire , it cannot

j i r i i v i r k -  the- bandwidth rt -quirc- d for many a p p l i c a t i on s .  Re-cent l~’ , N or ton ( 0 1 , 66 1
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in  ;Irbi tVa l’v un it s p l ( 0 - i l  ;g a i n s t  Wa ve-ie-ngth . The curves
h a o i ts ii no r m a l i  c - i l . ~d o g n e - t i c ’ fi e’lcl strength and
s 1 i t i t i 1 1 i t t t i’ I l - s o lu t ion  are  indi cat e d [ 6 2 1

110 ( ) I i  F t ( - ( i  tl~ (II - C ( ‘ l ( i f ) f l l i  - ( i t  ol a suhn tihhime-t e r detcc-tor wh ich is claimed to
ila~ e- a nanosecond i’ c - s p i n s c -  t u n i c  and a qu a n t u m  ( - f f i c i ( - n c - y  of I to 5 ’ . The
me- c-han i sr ’~ of ph ’ tI o i i ncl u e ’t i~~it ~ is l I ( I l t \ I d  to result from the ionizat ion of an

I- I l  -etron ( v~ a kl~’) l) UClil d to a neutral  d ono r , i . e. , ioni zat ion frI ifli  n e g a t i v e
1~

; —3
d c i -  - r ionS . f l e - la t i  ~e - ly  b c -a \ il ’ doped —

~ I I I )  cm ) , unconipensated

n—type sil  4 ( 1  -ii is used. In s t u n -n , the- ioniza t ion  efle ’I-g\ fo r  ne ’ut i -al  donors is

ra ther  la rg - , appr ox im a t e l y  500 cm . To supply electrons which can bind to
ne-utral donors , ck-note-d as I) s i tes , unfil tered room tempera tu re  backgroun d

r ad ia t ion  is allowed to i l l u min at e  the ik ’tec ’t o i ’  and neutral donors are there l)v
+

toni Ze(l . Red -I  im Innat ion  can the-n occur to either- ionized cionor s , denoted as D

si tes , or I) s it es , with n -combinat ion  rate- s H and H , re-s~icc t iv e - ly .  These

pI’oc ’e ’sse-s are- i l lustrated in I” igui’ e 16. By operating the detector at h igh bias

l ev e l s  ( a lj p r ox im a t e - l y  5( 1 \‘ c -rn ) ,  a re-duced rec-onlh ination rat - to D
1 site - s is

Ohth i~ t~ I due to tile’ high y ou i c - i t y  of electrons (fl + 1 I-~ 
2

) , 0 fl ( I electron life- —

t imes ;i re dominate d by coptur o - at D° centers . Norto n 165 1 estimates that  the
stead y—stat e- concentrrl tion of ncgat iv c - (loflol’ ions , denote(l as I) site ’s , is

13 — 3
a pp rux lmatc ’l\ -  1 10 Cnn
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TRAPPING BY N E U T R A L  DONORS

D° - * D  D” -~~D°

l - i g u i ’ e- F- . Generation , re-combination , and t i-ap~I in g  h~’ neut r al
( 11-11 , 1 mecila 015 i l lS  a r e -  i l l u s t r a t o - i  I for - tho-  c-f  f c - ~ t each has  on
t hi c -  c-ha I ge ’ s t a te-  of the ’ di ni II ’ in lpu l ’ i t \ - . The’ t rans i t ion  mac h e-
by the e-I - ti on is shown i n  e a c h  case- I

The- s l i e - c ’ t l o l  r esponse of the s i l i ( - ( n ne-gati ~c’ donor ion is s h - v n  ill

I” igur - I 17 . A t  t h l  1ieOk c f t he  r ’ l S ( i o n s i v i t \  c ur \ u , near  5( 1 cm , the -  ~~i ’ I ~ is

- - t i i c c a t e - d  to  he 1 - I I )  \\ ,/ ( l I z )  I 2 a nd it is c - la imc - d tha t l a - t i - i ’ io ly ne ’

i t - d e l v e r  N ET ’ s of l I o - t \ t c - ( - i l  I - 10 1, 1 
\V ’I lz  and S >. I f )  ~~ \\ ‘ l i z  c - an i~~’ Oi)ta ine (l

~ ti sub fin i c -nt  l . M 
~~ ~ ci’, which  he ’ esti m at e s  ti be il l  the l ’aI l -4e ol’ 50 m’~\

Pc-i -h ap~ thl  i : c st ~fl1 f io rtant aspect of the woi’L on thc s i i  id - d in  ne - i t  i

donoi ion is  tha t  it re- l i  i C - S i  ‘nts the fh i’st new photoc of l ( IU ( ’t i  y e -  ( l O t) ‘( ‘t i r  cle ’\e lOl) d-d
bu t’ the ’ s u h i r i n i l l i n n e - t o - r ’  l’ eg i oo in a n u n i l i o ’i  of ca l ’ s , a nd the ’ nov e l concept ( ( f -

u s i ng  ~- P c t (  s other titan s imp ly  hy dro g -n ic  i i cpu l ’ i t i es  to L~, ci1d ta t e a s u b m i l l i —
i n c t o - i  phot cc r i i ln ’t i  \c ’ i - e s pou se ’ suggest s a number  o f  v a r i a t i o ns  -~ l i ch r’ottld

lead h i  cumpa r’a ble 11c r fo i mance in thu in ill  inieter ’ . I -or  exa uu ip le , u ) c  -~~a t i  C&
donor ion s t a t t  s in g o - i  r i ca  ru urn should ha ~-e a lowe- i- bin d ing energy than  tho i se
in si l i e -un , w h i c h  shi iu l d  I iu shl  th res 1(051 \ i t ~ ( ‘tII’ Vo ( Figure ’ 17) ti I i iW( ’i’
fr’c- que-n e ’ i o - s

Tin e-re ’ a i _ c- a n u r n i l u ’ i  of  advan tage- s which 1)01k j )h otoc -ondu(- t  vt d o - I n c h  i - s
‘ia~~ ( I C ( ’ r  j t I f l d ’ t i ( i f l  ( k ’ \ i d ’( ’s: (1) i e l a t i c o - ! v  large size-  which  a l lows  s u i f o - t i - i u i
cou p l in g  - - t  thu i- a d i a t i o r u  wi th  convent ion a l  op t ic -a l  t o - ( ’ h l r n i q ru ( ’ cc , ( 2 )  I L ( S )  i i i  I L t h i i i —

I t l o r i , ( 1 )  i’ epi udu i - i h i i l i ty -Ind i -cigg edi ies s , ( I )  r e l a t i v e  i t l s ( ’ i l s i t i v i t \  t l i  f lOise
and ~ j h  r a t i r  on , a nd ( 5) m a  hi! it) ( I  I~ ’ i lest l ’ o )Vc d I )\ i fllpr uper  bia smg and turn—on
pi ’i - e i f u r c s . ‘Fh ei ’ e f i l i ’ u , it v ould li t -  h igh l y  I k - s i r a h i e to h a v -  sc’i s i t i v t - , h ig h
S l i t - I ’ l l  ( T ils ’c) 1il i ut i  i o l lduct oi ’ s c apable - ut  op era t ing  l i & - t \ \ ) - ) Ii 1( 11 )  and
6 1 1 1  ( ~lI ,. Such ) l o - t I - c t o r s  I i i  not ex is t  at the } i i i  ~~I I l t  t i m o - ;  In Sb is  r ’ I ’ i S i i I l a l ) l \
s I - n i - o t u C o -  but  b i as  a l i n r i t t - d  l ) a f l ( l W l i l t . h  ca 1)~I l ) i I i t y  (

~ 
2 ~l I I z )  . r\ t ’W d ’ i I t f l ’ I _ -j ) t s  with
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Figure 17 . Spec-t i’al respon c-co- of the f) h o sp h ( i l ’ - ) us —d ‘ped s i l i c o n
d e t e c t o r  is shown at c o i n — t a  m t  f ij i — i n f r a r e d powe’i’ for ’ t~c
te-n-ip eratur -s 166 1.

w o - i l  — -har a  t i  - I - i  zed 5( 111 u ’o)n duct i)rs  ( su c h as the sf 1 i d o l )  flega ti~ e clonm’ ion)  aildi
i n ipr i ved cu ’y st ;  1 rnwth  h- - lu n iqu c s  of new senii con ductor - dO nll)Ouflds shoul d
pi ’~~v i d c -  ck-tectors cc i t hi  the required charac ter i s t ic-s .

N l - v e - I ’ t l l e - l c - s s , in  sp i te  of th ( - advantages list e-ci for photoconductors , it is
u n l i  l-o-l v tha t  t h u - s c ’  detectors , which opc -u ’ate at  or 1)elow l iquid  h el iufl l  tempei’a —

ture- , c-an n u i u c i a - t e  w i th  room t e m p e r a t u r e  ju nd -t ion devic -e- s for mi l l imeter
w a v -  ( ~ 

< Gu i.) radar s st o-m appl ica t ions .  At fr’ equc-N-i es below :0(0 GH-i4
s ta t - — o f — t h c - —a rt Sch ot t kv—ha l i i  en ( l i f l o l ( ’  5ClI )erhete rO dyfle ’ l’ cC( ’i  vo l  sy s t e m s  flOW
hav l - ~ I - u i - o t t  vu t i e s  t ha t  a i t -  approximately  one ‘ rden- of magni tu d e ah o ce  the
the- r ina l  l n i c l - ,g i’ i i ~ fld l i m i t  and a i ’e con t inu ing  to i n u p r  I C c ’ . Thus , m i l l  i nnete- i ’
wa y ) - photocondue-t ors provide , at best , a fa c - to - -  of It )  improvement in s ignal—
t ( I — f lo i s e  r a t i o , and this  ga in  is probably i n s u f f i c i e n t  to compensate for the
for i f l id ab i l -  problems of field operation at l iquid helium temperature- . The same ’
relati ve- numb er -s  and a rgument apply to vi d eo detection at fre’quencio ’s below
0(1 ( ;J I , , .

A t  su b r i l i l l i m et l ’u -  frequenc-io-s be tween 301) and 6 1) 1) GI J z , tine present
~~~~

- r t ( I i ’man c’e  of roo m t e m p e r a t u r e  jU flec ion dev icv s  fa l ls  rap idly ,  an d the
r(-l at i  vt adva n tage- ( I f  photoconductors is two to thre e’ orders of n-magni tude .
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\\ het hc - r ’  th I di ffc-iu -uie -e , win i c -b is suff ic - i  e ’n t i y  large- to r’ equi i t -  a se l’ i ( i t l S  d l  in-
s o l e - r a t i o n  of the t ra de—offs  involved , can he ’ n-duet-cl with lu i - the u -  if l ij ) I’ OC-( n lent s
In j u t l c t i oul re-cei cci’ design r en i ai n s  al l  open ~ u ’ c c t i i  n at the p i e~- o - u i t  ti me .

F. I ti Sli Sr i i ) e -u -het ( - is  iol \ ’rn ’ H -c ’ei vet ’  S\ ste-ni

[ l i e ’  p~te iit ial of the — InSb hot ele’c-tr’on (k-te ’ctoI’ as ti -me m i x i n g
t -L -m ent in big -h so - n s t l  I \ i t \  to i l l  i me-te l’ wa ‘c- supc-r’heterod\-ne i’ e- c - t -i C l  -rs was
notc-cl I \ Put! e-y i in 1t11 1 I I I  . A s - c o r n i n g  ti -me u ’ec- - k c - u ’  woul d be I i m i t -d Ii ’

- - —15 
- -amp l i h e i ’  00150- , l’u t l o ’v  - s t u  mated an N HP of I I )  \\ l i -i. The ea lt i bi li b i t - s  of

tile - ( k - t O -  ‘ 6 !  Cd - t o -  ru -al i ze-d in the sc s tems de’siglle- d by Phi l !  i h i s and •H ’ff( -u ’ts
2-1 , 2 5 1 in 197: 1 and 197 I for o i i e -m’ a t i i i f i  a t  115 and 230 Gflz , iu-spect iv e-I v .  B

using a t u  o i r l i  tempe rature II ”  a f l lp li fi i  i ( 2( 1 ku z to 2 MH z) with e-ight pa r a l lo - l
F l ’  l ’ s , the~’ ol)t aine- d a moe-h lowe- n a m p l i f i e r -  noise figure and a c h u - v o - d  an

s t e - n i  N I-: P o f s 10 
2 1 w - l i z  (Table 2) which is only a fa cto m - ( i f  2

a hove- the funda mental l imi t  set by background thermal  noise.

The- l i i ~-b i lc ’ te c t o i r  is mounte( l in a waveguide as shown in F’i gui - - I a nd i s
b a d - L I d by a tuning reflector . One of the advantages of the ln Sb n l ixe- i is the

nlu (-h  1 w e -i’  b -al  oscillator power requir ’ements (1 1) 6 
\V) , re la t ive -  ti the

~( - lc- t t L y — b a n - r u c - r  diode ( i ( t  2 W) for op t imtmi  pei’fo r ’n iance. As  a n-suit ,
a u t - lati vel~ i neff ic ient  Sc ’ho t t k \ —b Lt r n ie r  diode- double- n , dr ive- n by Li 115 ( l iz
I- .! \ st i ’ in , provi de- s sufficient  local oscillator powe r’ for the- In Sb mixer  at
2 :0) G IL ’.. I n addi t ion , this  i-ee c-i y en - should be capable of eompa i’able operation
cu t f requen c ie s  as high as 1000 Gl iz , which is we-li l n -von ( l  the- fre ’qu c-nc-y capa b i l i t y
of pi t- sent low noise diode- mixe m -  systems. A major disacivantag o - I i i  ti -me sy s t c -u i i
other t i t a n  the- c rcog en ic  requirements , is that ti -me- i- e- la t i ve - l~- slow re - Sp i lu l se
t im e ’  of t h e  de-tectoi- l imi ts  the bandwidth to approximat ely  2 ~c I l i  z . Ne ’ ve- i’th -Ic- ss ,
t h e ’  m’ e-e -eive r has been c e i - y  suceessfiu l in radio astronomy aj)p li d ’ ati Ofls .  I’oi’
( - xc i n lp le , four new intel-stellar lines were observed in ti -me 200 G u i  iange ’ , three —
t i - i t o  (‘ t i  at 2 19 , 220 , and 230 GlI z and one from IX’N at 217 Gi l -i [2 5 j

In addi t ion to its near ideal N i- P and capab i l i t y  ol opera t ing  e-qua lly well
o v e r  the ent ire  spec-t i -al  range of i nt€-iu-st of th is  report , ti -me ln~ h Feet-i c er
l i e  monstrates the gre-at potential for ’ bul k photoconductors. ‘i ’iie ma ( l i ’  pi’oblenn
tha t  r ‘ r u i a i n s  is to develop a fast ( r  ~~_ S nsec) sensiti ve photocundue-tor for- this
region ( i f ti -me spectrum .
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Figui’e 1 ~~. The hulk ln.St) mix e r’ of Phil!  ips and .J cf fe i ’t s . The-

semiconductor  is shown placed !  in the- H G— 13 7 wac-eguide.
The ac t ive-  region of the bolometer is etch -ci to d imensions
of approximately 0. 5 ;- 1. 1) ~ ( 1 . 1 mm [ 2 5 J

VII. RECOMMENDATIONS

The applie-ation of mil l imete r and subm i i l in n eter ( 1 ) ) ) )  to
6 ) 0 )  ( ; u i z )  wave ’  radar  s y s tem s  to surface—to—surface ’  t rackirg and n - m i s s i l e
guidanc e’ is at present impacted by the l im i t ed  a v a i l a b i l i t y  of se ’n si t i c - e- and
rugged room temperatur’e superheterociyne r ece-iver s , although sue-in ru ’c - e -iv e-is - ,
u t i l i z i n g  GaAs Schot tky—b arri er diodes , have been successfully demonstrate d
in laboratory enc-ironments at frequencies up to 325 (h z. The ava i l ab i l i t ~
situation gi- ows pi- ogr ’c - ssive- ly worse as one moves to h igher  frequenc -ie-s , and
sy st ems  opera t i ng  above 1-41) GI -Iz are obtainable on special order only, wit h
del ivery t imes  extendin-~ to one year and longer. A r m y  support is strongly

- ‘ recommended here to speed up the conversion of scientifi c r ea l i zab i l i t y  into
( - on imerd - l a l  aV ai labi l i ty .  This program shoul d inclucie support for- (1)  high
frequ -ncy Schottky diode development , including a cr i t ica l  c-valuation ( if  ti -me
re la t iv e  performance of GaA s ve’u -sus silicon Schottky ’s operating in the- range
between 100 and :650 GIIz , (2 )  support for the- development of local oscillator ’
source-s in this  frequency range , particu lar ’lv stable solid—state osc i l l a t o u s ,
and (:i) support for promising new coupling c oncepts such as quasi—op tical
couplers and planar diode a r ray s  which can bypass the increasingl y large
wa ve-guide losses od-c ’uI’ring at th -se frequencies. Considering ti -me- Present
scienti fi c state—of—the—art , a reasonable- hut stringent 5 year goal of this
program might  be , for example , to n-make sensiti ve and rugged superheterod yne
receiver systems ac-ailabl e at all the atmospheric windows in tIle- n-millimete r
( i .e. , ~t 9-i , i - I t ) , 22 1) , and 1- I l l  ( ;I I z )  with a noise fi gure of less than 7 dB
(single sideband) at a l l  frequencies.
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- ( l i r e - c t detection capabil i t ies  of ~s- } oi t t I - y — h i i i ’ m - i e - m -  (liOdes in tin e n l i ! ! i—
i e - t o  r h i s  h i c ’ t - ~ La i’ge -lv overlooked k ’ -~i r i s o -  t i i i -  pr i nc ipal app lic -a t iou i s unt i l  nocc

such as m i l l  i n i t -Ic r c c c l v i  - cm sti i m i  i l l i \  , re-qui r e el  t h e  st c-~-r t t i  n ine-  or ’eie-i’ s of m a g—
ni t t i d e-  I r l l p r - o ) ’- ( - I n t u i t  ifl ~- ‘i is m t u  v u t ~ a c-a i !able from super h e-t eu - ( I i l v n e -  d e t e c t i on .

- t i -t i n  n - i - ~-- o l l -  ~ iJ m i J c i n c ’ o - a ppli c a t i i i n s  (e .g. , tin ’ miss ih -  ne c-d c- er in a 61 :111 —
i - l i  r -

~ ‘, — t i , - i i )  , th t -  oli rec t  d e t e c t i o n  sc-ns i t i v i ty  of Sc inu t t k \ -  ‘s u n i a c  he ade-quate
;i i ul , if  ~~~, would p i i v i i k -  a eon u pac -t  and inexpensice- solution to a c r i t i c - a l

- l b - u i * A u - m v  suppor t  for a nt- search program in this  ai’ea is i’ e -c -i i nl n ieu lde- d.
-\ i i i  un g t hi , ~~ h I l t - i l l s  that  need c onsideration are ( 1)  optimun- i coupling te-e h—

r iqu -s f t i  v i i l c - i  dete-ction , ( 2 )  noise spectrum charac te r i s t i c s  of mil l imet er’
cc i  C t -  5 ( - Ia  - t t l , c  ci, id e s , and ( 3) the development of appropriate vidt-o an ’u !> l i f ier s .
A u i - I t t - I p r o b l e m  that  1-equires attention is the performance of Schottky ’s in an
t ’ n v i r i n r u : o - i i t  s m m i l a i ’  to that on an in— fl ight  miss i le .  Plana r Schott k y ’s , which
ir e -  i niler ent !v more - r ’uggecl , n -may be important for th is  application.

11m g6 - l ie- ed photoconductors and ~Jos ephson junctions are al ternatives to

~i - hi - t t i - ,c — f a i r - m e - i ’  diodes as detectors in supc,-rheterod yr e  and vi d e-o r eceiver -s .
lb  - W c - \ I i , both typ e -s  of dec-ices require liquid helium temperature for opei’ation
in t h i c  m i l l i m e t e r  and subn’mill imeter region , and their sensitivity advantage
u t - l i I i  co  ti S !iott kv ‘ c— is d in i in i sh ing  with tinu ’ . In addition to the cu ’you~enie-
l n u z ’ dt -n , Ix th th e photoconductors and l Josephson junctio ns suffe r additional
l u ’ o h ) ! ( - t - m l S  whi c’ i i  have been d e t a i l ed  in this report , and some attention should

g i c e - n  to the ii - r ’esolution.
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