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SEMIANNUAL PROGRESS REPORT NO. 11
ON

MICROWAVE DEVICE INVESTIGATIONS

l. General Introduction (G. I. Haddad)_

.The~purpose of this'program is to inve§tigaté materials, deviées and -
novel séhemes fér generation, amplification and detection oflmicrowave aﬁd
millimeter-wave eﬁergy. Several tasks were active dﬁring thisvrepért.period L
under ﬁhis program. These include? | |

1. chhottky-barrier microwave devices.
2. Intermodulation products in IMPATT diode amplifiers.
5.‘ Harmonic generation using Read-diode varactors.
‘The work performed on these tasks is described in detail in the

following sections of this report.

2. Punch-Through Semiconductor Microwave Devices

Supervisor: G. I. Haddad
Staff: Se. P. Kwok

2.1 Intrdection. The purpose of this phase of the program‘is to

investigate theoretically and experimentally the properties of punch—throﬁgh'
micfowave semiconductor devices. Devices of the bnp+, metal-hp+ and metal-n-
metalAtypes have béén fabricated and tested. A.theoréticA1 aﬁalysis of these
-devices is also being carried out. -

2.2 Device Fabrication.

2.2.1 PtSi-np+ Devices., The 10 Q-cm epitaxial layer of an np+
Si wafer is ﬁhinned‘to lO um by etching, and then the surface is SytOn‘polished

to a smooth finish. The substrate is then etched to O;OOl inch and rinsed



in 1CE, acetone, ]T, Dl wuter and methanol. - The n-epitaxial layer is then de.
backsputtered #tvlSOO V oin &h argdnvdischarge and a current of 50 mA for

1 minute. The Pt target is bombarded fér é.few minutes before the wafer is

~ brought in to be sputtered. The n-epitaxial layer is spuﬁtered fof:oné;half.
minute at iOOO V and 50 mA. The deposited'Pt film was meaéufed to be
approximafely 100 £. (The actual measurement was made on a Pt film‘éputtered
»under identical conditions for 2 minutes and the depositéd film'thickness

was fbund‘to be MQO»R'on the average. The thigkﬁeés measurement was dqne by.
means of.a thiékngss measuring probe.) The ﬁafer is sinteied in vacuum at
650°C for 10 minutes to form a PtSi interface. The wafer is then transferred
to an eVaporation‘vacuﬁm-jar where it is baked at 300°C for 15 minutes aﬁd'
cooled for the same.period prior to depositiohs of Cr (200 K) and'Au.(ﬁObO K)
layers -on both sides. Avgold layer of 0.00i ihch thicknesé_is then eléctro—
plated on the epitaxial layer side to provide a heat sink. ﬁsing standard
>photolithographic techniques, 0.0lQ-inch diametef diode:patterné are fdfmgd.
.The dévices are obtainedAby.etching from.fhe pf side éeqUentially the Au, Cr,
'Si, PtSi and Cr. The diodes are now separated bﬁt remain on-the thick gold_
pad. The metai OVérhang due to undércutting during etching and the residuql
phdtoresiét are removed by means of ultrasonic cleaning in acetone. .The
‘diodes are'dried in a 150°C oven for one hour or more and diced into.0.025
by 0.025 iﬁch squﬁre.chips. The diodes are mounted in élstandard'sh package
using thermocompressién bonding.at 300°C. if ﬁhe I-v chﬁracteriéticris
accéﬁfable, a cap is spot welded onto the package énd the devicé is ready for

testing. A typical I-V characteristic of such devices is given invFig} 2;1;

 2.2.2 Cr-n-Cr Devices. For these devices an nn' Si wafer with
7 to 11 Q-cm epitaxial layer resiétivity is employéd. The n+ substrate and
part of the epitaxial layer'are etched until the material looks'yelloWish

brown. The corresponding thickness‘is approximately 10 gm.'There is'élWays
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FIG. 2.1 TYPICAL I-V CHARACTERISTIC OF PtSi-np DIODE.
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a‘Consideréble spread in the thicknesses with such a thiﬁning ﬁroéess. The
~ wafer is heated at 300°C in vacuum for one-half hour, and a Cr film (206 K)'is..'
depoéited on bofhbsides of the wafer. The Wafer is coéled for ong?half houf:
and gold is evapbrated (BOOO'K) on Bbth sides forvméking contacts. 'The'séparatiog'
of the diodes is_doﬂe in the same.manner described earlier. A typical I;V |
characteriétic pridr to théfmocompréssion bondiﬁg ié éhown»in Fig. 2;25
ﬁhich 1ooks pro@ising. However, the devices become leaky after.bonaing, and .
no osCillétion has beén observed in such diodes yét. -

2.2.3 Egg+ Devices. An np+ wafer idénﬁicglfwith that described
"_in Secﬁién 2.2.1 is used and'aéain the epitakial layer is thinned and éleahéd'
‘as in the earlier case. A borbsilicafilm 1T dropiet was élacéd‘on the |
epitaxial layer and épuﬁ.at 3000 rpm fér 5 seconds. ABofon'diffusion is fheh
made at 1020°C wiﬁh.EMOO cm®/min nitrogen flowifor 22.5 minutes;. The uhwanted 1
boron doped oxide is removed by i@mersing the wafer in bufferéd.HF for one 4
minute. The measured surface résistance ﬁas‘épproximatelyle Q per square.
The_p+ substrate is then thinned to 0.001 inch and cleaned in TCE, agetdne;-
Amethanol, ﬂF, DI water and'méthanol. VThéICOntact métallization,-diodg |
separation and packaging are done uéing'the éame procedufe aé that in the
case of Section 2.2.1. A typicél-I—V chaiacteristic of'pnp+ devices is shown -

in Fig. 2.3,

2.5 Experimental Characterization. ‘The i—V charactefistics.of
‘PtSi—np+_at 300°K and_77°K'are sh§wn in Figs. 2.4 éﬂd 2.5, respectively.
When the Schottky barrier is feverée biased the current level fof eéch ‘
‘voltage is rgduéed for thé 77°K case, which indicates thelnonévalanche ﬁature
of the breakover characteristic. The onlj excéption occﬁrs at high_cuffents
(riear 10 ﬁA) where.the current is lower for a high temperature. Tﬁis‘is 
probably due to the increasé in the seriés resistancé at high temperatufe;

: . + .. v : - ‘ L,
For the case when the np Jjunction is reverse biased the currents at very high
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voltages (greater than 20 V) are markedly reducédrat T7°K, indiCating_the
temperature—limited effect of the thefmionic'emission of the Séhottky Bafriér.‘
No microwave oscillation was observed in the'groub of devices héving Such.an
I-V charactefistic. The I-V éharacteristic of the devices which generatev
microwaye power is shown in Fié. 2.6. The device exhibits a dc negativé
resistance at current value near 10 mA when the p+n Jjunction is reverse
biased; whereas no such negative resistance is observed when biased in_fhe
opposite polarity.‘ Microwave oscillation occurs only in the former polarity,’_
i.e., p+h Junction reverse biased. For these devices the maximum power éccurs’
at a current level where dc negative resistance is observed, as shown in

Fig. 2.7. The possibility of avalanching is ruled out due to“the fact.th&t

at such polarity the currenf at 0°C shows the trend of temﬁerature—iimited
thermionic emission as shown in Fig. 2.6. These devices dscillate in an
S-band waveguide cavity incorporating a sliding short and a slide-screw tuner.
The nominal frequency of oscillation was 4.6 GHz and the highest_powér

outpu£ observed was 0.47 mW. Figure 2.7 shows the power vs. current plot of
these devices. A.Raytheon unit which yielded 1.5 ﬁW‘at the same frequency in
a coaxial cavity when placed in this circuit only delivered 0.42 mW. This
indicates that the devices fabricatéd‘here might have the samé level of powerA
- output. However, so far no oscillation has been observed with those devices
placed in the céaxial cavity.

Oscillations are also observed in the pnp+ devices placed iﬁ a 50-0
cdaxial cavity, the observed peak power output is 0.2% mW. Figure_2.8 shows
the similar plots of power vs. bias currént for a typical diode for different
-tuning\slugs.

The low-noise characteristic of punch-through devices is exhibited in

+ .
the narrow frequency spectrum of a PtSi-np oscillator shown in Fig. 2.9.
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2.4 Theoretical Characterization. .The small-signal proberties of these

devices and‘the-charaéteristics of 50-Q and 100-Q coaxial cavities have.beeﬁ_
investigated. The.results will be correlated ﬁo'future measurements., A
large-signal comﬁuter program is being developed and some ﬁuﬁerical
instabilities have been cencountered and identified. It is ﬁoped‘that these
willvbe resolved shortly. | | |

265 Program for the Next Period. The experimental and theoretical

work on these devices will be continued. The development of the large-signal

analysis for determining the capabilities of these devices will be continued.

3. Intermodulation Products in IMPATT Diode Amplifiers.

Supervisors: G. I. Haddad and N. A. Masnari
Staff: R. .J. Trew

3.1 Introduction. The objective of this phase of the program is to

. determine the intermodulation characteristics 6f an IMPATT diode operated in a
refléétioh amplifier qircuit under multifrequency conditions. Méasurements
héve'beén_made of;théiiﬁtermbdulation products generated when'two equal-
amplitude signals ;rg applied to the input of an X-band IMPATT diode amplifier.
The.test results cdnsist of measurements of amplifier output signals as a
function of input siénal power leveis and frequency separations. The‘amplifier
was tested dVer‘ah input power range sufficient to fully séturate the device
(i.e.,vredUCe ﬁhéfméximum'gain to less than 3 dB).

3,2 Circuit Description. The block diagram of Fig. 3.1 represents the

basic reflection amplifier circuit used in these experiments; Input-oufput
signal separation islprovided by a coaxial three-port circﬁlator. Amplifier
tuning is accOmplished through the positioning in the resongnt cavity of two
20-Q copper tuning élugs; one being A/L at 8 GHz, the other A/4 at 10 GHz.

The diode is locatedvét the end of the resonant cavity and is kept at an
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.approximately cbnsﬁant temperéture by a water-cooled heat‘sink. The two-sbﬁree
signals are amplified for large-signal operétion and are intrpduced_into‘thek_‘
amplifier_inpﬁt through a "megic tee" that insures source_signal isolation.

© The primary measufement circeit consists ef aebrecisipn éttenuater/spectrum
analyzer'combination calibreted to read power levels at the input-output plane.
of the resoﬁant cavity. A cavity wavemeter ie-used to provide'accurate sigeal
frequency determination. o |

3.3 Results. TFigure 3.2 illustrates the gain charaeteristiCS'of the

amplifier tuned to pfevide 20.h dB of small-signal gain at a frequency’of.
>9;5h0 GHz. Inereasing the drive 1evel.resu1ts in a .decrease in the maximum‘
gain and its corresponding freqﬁency. However, it is.interestihgbto note
that at frequencies below the maximum gain freqeency it is possible to~pbtain-
increasing gain ag‘a function of increasing driﬁe level. The theofetical
‘considerations for'this behavior as well es the other basic operating
characteristies ofAiMPATT émplifiers have been discussed‘elsewhere.l,zi
Increaeing-the drive level frbmesmall—Signal operatien to 200 mW of inbut
poWer.resulted in a decrease in maximum,emplifief gain from 20.4 4B toi

2.3 dB while the maximum gain frequency was shifting from 9.340 GHz to

8.9iO GHz. During'these experiments no spurious oscillations were observed

at any drive le&el. The large signal broadband behavior of IMPATT operatlon
is also apparent as the 3 -dB bandw1dth increases from 55 MHz w1th small s1gnal
operatlon to 545 MHz with 100 mW 1nput power.

The 1ntermodulatlon measurements con51st of two sets of tests, one

with an input signél (Fl) fixed at the frequency of maximum. small-signal gain ‘

1. Laton, R. W. and Haddad, G. I., "The Effects of Doping Profile  on Reflection-
Type IMPATT Diode Amplifiers," Proc. 1971 European Microwave Conf., '
Stockholm, Sweden, pp. A 5/1:1-A 5/1:L, August 1971.

2, Trew, R. J., Masnari, N. A. and Haddad, G..I., "Intermodulation Character- -
istics of X-Band IMPATT Amplifiers," To be presented at .the 1972 IEEE- GMTT
Int. Mlcrowave Symp., Chicago, May 1972.
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and the other inputlsignai (F2) set at higher frequencies defined by frequency
separations of B'MHe, 10 MHz, 30 MHz, 100 MHz and 200 MHz, and a secoud_set of
tests in which the input signal Fz.was fixed'at the maximum sﬁall;signal gain
frequency and Fl was set at lower frequencies defined by the above'frequency
separetions. Equal-emplitude input signdls Were used in ail tests. Each test
consisted of measurements of the ampliiier output signals as a functlon of input
drive levels flrst for single-frequency operation (only one 1nput signal present-
at a tlme) and tWo-frequency (both input s1gnals present) operation.

The Af.= 3 Mmz test results of the first set of measurements are plotted‘
in Fig. 3.3. At such small-frequency'separations the gain is apprcximately'
constant and therefore the same output'power is generateé in both'fundamental
signals; Applying'bcth'siguals simultanecusly to the amplifier input.resulted
-in the generation of a complete spectrum of signals in_the;amplifier output
(Fig. 3.4). For this work the‘intermodulation signals are defined-eS‘foilOWS.
First order; Fs = 2Fl - F2, F4 = 2F2 - Flf‘ SeCOnd order: Fs = 3?1 - EFé,

F6 = BFZ - 2Fl. Third order:'F7 = 4Fl —jBFz. As expected; the power generate§
in the output of the fundamental signals was less‘for two~-freguency cperation'
than for sinéle-frequency operation. The poWer difference appeared as power

'at the 1ntermodulation frequencies Whlch have s1gn1f1cant amplitudes even

under small—s1gnal operation. The first—orQer products Fa and F4 are the

first to appear and have the same magnitude until high drive levels where the
shift of the gain characteristics favoring ampiification at lower frequencies
becomes _Ysignifics.nt. At the higher dr:'u}e levels Fs is amplified more than F4
due to the gain shift. This effect is more apparent at the higher-order
intermodulation frequenc1cs where the low-frequency product is always larger
than its correspopding order highjfrequency counterpart. However. for Af 3 MHz
operation, theilgréest intermodulation preduct F3 is>alwéys at 1eest 12 dB.

down from the fundamental signals.
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increasing the input signal saParatién to 10 Milz (Fig. 5.5) resulﬂs in
the input signals no-longer'experiencing the same gain. Thé signal Fljis always
amplified more than F2 althpugh the two signals approéch the same'magnitudé
in the high'drive level liﬁit.' This behavior is similar for both sihglé--'.
frequency and.tWO—fréquency'bperation and also holds for'all.freéuency |
separations indepéhdent of their lécationvreléfive to the.géin charaéteristics.
This result is‘expécted due to the broadband nature‘bf the gain charactéristiés
at high drive levels.‘ In_the A = 10 MHz test, Fs is always the largest
iﬁtermodulation product attaining é value wifhin 10 dB of F2. The iowaféQuency
dominance mechanism is apparent in the higher-order interhbdulatidn‘prbdﬁcts'
where the second-ofder loﬁ-frequéncy proddct F5 is equal'to the.firét;ordér
high-frequency product F4,-and F7 is always greater than Fs' When the
frequency separation is increased to 30 MHz (Fig. 3.6), it is observed that
the high-frequency fundamental signal F2 loses proportionately more p@wér to
the intermodulation products than the low-frequency fundaﬁental signai F;.
This occurs becaUée the gain shift.tovlow ffequencies'with increésing
drive level paftially compehsates fof powér lost to thé intermodulation products
by the low-frequency fundamental. In this test the first-, secdnd- and
third-order low—freéuency.products are larger than the first—order high-
frequepcy.product with F3 attaining g magnitude atvone pbint Within'Y dB of
Fz. Tigure 3.7 shows the results of the Af = 100 MHz test.. At this fréqUené&
separation interaction between the two fundamental signals has decreased such
thatvthere are fewer intermodulation products generated. - The low-frequency .
fundamental signal shows identigal output power under Single-fféqueﬁcy and
two-frequency opefafibn until higher drive levels aré reached. The ﬁigh-
frequency fundamental signal Fz, however, because it éxperiences_lowér gaih,
generates considerably less power than signal Fl and shows a power diffefence

in the single-frequency and two-fregquency results over the entire input
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power range. It 1is inferestihg to noté that the gain bf the th-fiequenéy,Fé‘
signal changes fromva poSitiye value to a negative value at an intefmediaﬁe '
input powér level, Whereés the corrésﬁondiﬁg single-freqﬁen¢y gain is poéitive
at all le?els. The dnly éignificant intermodulation products genefdted-ére‘
the low-frequency signals Fs’ which at one point is within 7 4B of Fa’ and"
Fs' Increasing the frequency separation’ to 200 MHZV(Fig. %.8) results in
little interaction between'the fundamentgl signals. The iow—frequency signai :
Fl sh6WS identiéal,single-frequency and two-frequeﬁcy results.: The oniy
significant intermoduiation signal to be generated, Fs, appears to obtain
all its power at .the expense of F2 and attains-g magnitude-within Q‘dﬁ 6f.that'
signal. No amblification_is present.at the F2 frequéncy,.however, as the gain
of the F2 signal is always negative.

When signal Fz is.set at the maximumAsmall-signal'gain frequency and
the tests are repeated for different frequency values of Fl,_the only significant
difference observed in the Af = 3 MHz: test from that élreédy diécussed is that
the ihtermodulation signals have greater'magnitudes under. small-signal operafion.
The greater magnitudes resulﬁ from the peak gain Shiffing from‘thé Fa'frequency :
through the Fl'and lower-order intermodulation frequencies with increaéing’
drive level. Due to the small frequency separations (3 MHz) this oceurs
under sﬁall-signal éperating conditions. | |

Increasing the frequency separation to 10 MHz (Fig. 3.9) again resulté in
constant gain with the fundamental signalstl and F2 both.generéting the same
output pqwer, Low;frequency dominance;.however, is apparént wifh the low;
frequency interhodulation products generally being larger in magnitude than
their high-frequency counterparts. The Af = 30 MHz test (Fig. 3.10) clearly
demonstrates the’low—fréquency dominance mechanism. Referfing to the siﬁgle-
freguency curves, it is seen thatbfirst F2 and then.Fl_have the greatest

output magnitude. This behavior is explained by the shift in gain .
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characteristics'with increesing drine level; Since F2 is fixed at the maiimum
small-~-signal gain freQuenc&, it inifially generates the greatest output'pcwer.
However, as the drive level isvincreased'the peak-gain frequency;is lowered end
passes through the Fi'frequency. As this occurs the greatest cutput powef is
generated in Fl”anq the Flvand F2 curves cross oyer. increasing the drive
level further‘resuits in equal output power generated in.the two signals as. the '
large—signal broadband behavior cf the amplifier dominates. The twc-irequency
results indicate that the crossover of the Fi and F2 curves occurs at lower
input power levels'than the single-frequency results. This is due tc the
proportionately greater 1css of power to the intermodulation products
experienced by F2. Since F2 is initially the largest fundamental signal, F4 is
the first intermodulation product to appear. However, as the peak gain shifts
through the low-frequency eignais»with increasing driﬁe level FS’ FS and F% all‘
become largerAthan F4. Increasing the frequency eeparation to 100 MHZ

(Fig. 3.11) reveals that it is possible for the output Dower of one of the
fundamental signals to actually decrease as the input drive level is increased.
This is due to the increasing gain with increasing drive level present aﬁ tne
frequencies.below the maximum-small-signel gain frequency (Fig. 3.2). The
relatively strong amplification of the low-frequency intermodulation signals
reduires significant power transferral from the fundamental signals. Due to
the gain shift, the high-frequency signal F2 experiences a rapidly decfeasing
gain with increasing drive level whereas the low-freguency fundamental and
intermoduiation‘signals all experience an increasing gain and then a slowly
decreasing gain as fhe drive level is increased. Therefore, the high-frequency
fundamental Fé suppiies most of the power generated at the intermodulation
frequencies and the result is a decrease in the output power of F2 with
increasing drive level over a portion of the operating range. The Af = 200 MHz

test (Fig. 3.12) again indicates decreasing interaction between the two
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fﬁndamental signals. Oﬁtput Power crossover is present although aﬁ,a greaﬁer:‘
input drive level than the preceding tests and higher drive levels are .
required béfore a significant intermodulation product (FS) is géﬁergted.

When F3 appears it,shows a rapid generatioﬁ of outpuﬁ power reaching a levgl
within 8 dB of F_-

3.4 Conclusions. Multisignal operation of IMPATT amplifiers results

in ﬁhe loss of available output power at the:fundamental signals with the
power difference éﬁpearing in signals at int;rmodulétion frequénéies. IMPATT.
amplifiers are characterized by a ‘decrease in tﬁe:maximum gain and its
correspénding frgquency with increasing driﬁe'level proﬁiding a low-frequency
~ dominance méchanism in which the loﬁ-frequgncy signals are amplified'moré

than the high-freduency signals. The magniﬁude of the intefmodulatién signais
is dependent to a greéter exﬁent upon the'locatioh of the signals relative'fo'
the émplifier gain characteristics than upon the frequency differehce‘between
the fundamental signals. It is possible for the first-, second-. and
third-order low-ffeqﬁency intermodulation products to have a'gfeater magnitUde
than the fiist—order high-frequency product. Depending upon the location'

of the signals relative to the amplifier gain characteristics it is pbssible
for the largest inﬁermodulation product F3 to attain. a magnitude within 2 dB
of the smallest fundamental signal. Increasing the frequency'separatibn
'beﬁween the fundamerital sigﬁals results in less inferaction between them such

that there are fewer intermédulatipn products generated.
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&. Harmonie Generation Using Read-Diode Varactors

Supervisor: G. I. Haddad
Staff: K. K. Dutta Choudhury

4,1 TIntroduction. The_mathematical formulation of the C-V characteriétic

of the Read diode,and its‘possible application as a harmbnic geﬂerator wéfe
presented in SemiannualvProgress Report No,f9; The theoretical small- and large-
signai second-harmonic con&ersion effiéieﬁcyvand normﬁlized ﬁower oufput of a |
Réad’diode and some commercially available punch-through yaracfofs we;g»'
?resented in Semiannual Progress Report No. lba. In thié report the measurements
of the fqlldwing parameters of the Read and some other types df‘diodeé are
presented: |

.l. The quality factor "Q" to estimate the cuﬁ—off frequency.db.

2. -Series resistance RS and its variation with bias &oltage.
The Read-diode series resistance is highly dependent on the bias voltage neai

the punch-through- voltage.

L,2 Measurement of Quality Factor Q. . The variation of capacitancé with

voltuge is given by
= - A h;i
c(v) Coo(® = V) 7 o (k1)

Assuming a circuit model® as shown in Fig. 4.1 for a mounted varactor, the

input admitanceAat'any.arbitrary reference plane is given by

1 1
. = e iB. + G + :
Yin = [P T 1
(RS+R)+J<X-——7—5‘2MOCV :
= G(v) + jB(V) , ' (+.2)

1. Roe, J. M., "™aractor Q Measurement," IEEE Trans. on Microwave Theory and
'~ Techniques (Correspondence), vol. MI'T-19, No. 8, pp. 725-729, August 1971.
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where-
-
1 : RS + R _ o
G(V) = = | G+ — — : o (k.3a)
' n2 1Y 1. 2 -
(R. + R)Z® + <# - = ') v
S 2rfC (V). J
and . . A ‘ ) | 7
) 1 L X - 1/22£C(V). o .
B(V) = I I R e B (k.30)
(R +R)‘2+<X- ) | L
s AT 2rfC (V) _J

The locus of the input admittancé on‘a Smith chart is a circle when'C(V) is’.
varied by changiﬁg-fhe'bias voltage. | |

The shunt susceptance Bp vanishgs When the reference plane is qhosen o
'so thaﬁ the center of the admittahce circle lies on the reél axi;. When

B_ = 0, Egs. h.Ba_and b'can'be combined to yield

p
X 1 _ _B(VW) | i
R+ R 2af(R, + R)C(V) < (u_'h)
s s b v
: —= - (V)
n2 .
or » S
0 - (@ - V) = G—fm— N )
- == G6()
n2
where
X
Q’c R _+R
S
and
o = 1
k = 2xf(R_ + R)C :
S VO

The quantity Qk determines the.quality factor Q of the diode at any.bias vbltage.
The term Gp/navis the minimum normalized admittance of the circuit and
can be recognized as the intercept of the admittance circle with the real axis.

of the Smith chart.



-36-

b, Experiméntal'Procedure and Data'Analysis; .Tﬁe'diode was mounted
in a coaxial line as shown in Fig. y,2, After setting ub,thé equipmentAéhbwn in_
Fig. H.B at a particular frequehcy, the valuesvof the folldwing_parémetérsiﬁére
fabulated: | | | o
Bias voltage; LY
VSWR, S,'
Position of 3-dB points for VSWR > 10; Dl_ahd'bé,
Position of minimum,:Dmin, |
Guide wavélength; xg. |
The data were obtained fdr'small-changes:of tﬁe applied bias.
| Next the following steps were.followed for determination of tﬁe'quality
factor from the'mgasured déta through*a computer program. | |
1l. The appréximate normalized linear coordinates of.the”center'and the“
radius of the impedancé circle were determinedvby plotting the impedance data
on a Smith chart. iheée vélues were used as initia;-values-in'the co@puter |
program. | .
2, The normalizéd input impedance at thé.iefetenceiplane‘sref was
calculated at various bias voltages by ﬁsing fhe formula‘ |
ZL + j tan Bi

7 - L .6y
in 1+ jZL tan Bz"? T S .

- where ZL the normalized impedance at the reference plane Sref’
' Zin = 1/8 = the normalized inputbimpedance at the position of the
minimum,
£ = the position of minimum minus the position of reference plane
(Dmin = °ref)’

B = 2r/n and
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3, The impedance coordinates

u-v coordinates on the Smith chart

o
u o= 1 - (RL+1) .
R

and '_
_ 2X, |
L 2+ (R, +1)2

4, The impedance circle is defined as

.

IESERY-: Cv 2 . .2
(u, - u )+ (v, - v,) P

o

)

defined by Eq. L,7 are converted to ‘linear.

by the following conversion relationships:

(4.8)

(h.9)

. | (s20)

5. With the approximate values of u s v, and . p_ being known. from

Item 1, the corrected values are determined by iteration

relationships:

from the following

Po = %_1- ZJ \/(un -.uo)z' * (Vn - Vo)2 ? - A’V: (h.l']f)
[ o ) 1 |
uo = %Z un - pO - . ‘ _(h.’]_2)(
e )
. and ) ™ | ' ( T
o = B Y e a3
B O

The summation is over the total number of sets of data points N.
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The distance of the center of the impedance circle'from,theforigin'is

SN L R )

The u-coordinates at which the impedance circle intersects the real axis

given by

of the Smith chart is:deterﬁined'by-addition‘and_subtraction of p and r_ with
the proper sign. Thesé u-coordinates are converted to cbrreséondiné adhittancesf
The ﬁinimgm'éf these ﬁwQ valueé iswused'inAp;ace of Gp/n?'in_Eq._4.5. i

6. The center of the admittance circle is at a point diametriéaliy"

opposite to the center of the impedance circle and is giveh by

uokadmit) .  -ﬁ$(impéd) L o - (u;léa)_‘

and

1

v, (admit) ’-vo(imped). §  | -”__ (5;155)'4

The orientation of the,denter_bf the admittanée circle_is givén by .

. _ . —vo _ vO . , o - L 6 .
o o ' ' o

The magnitude of the shift of the reference plane to a new reference
plane to make the center of the gdmittance circle lie on the real axis is
given by

D = (0.5 xA, x lo|) /2 . : - R f ‘(h.;7)'

The sign ofjw determines the direction of the shiftfof the reference

plane Sref'
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{« The right-hand side of Eq. h.ﬁ is recalculated at the‘new reference

plane at various bias voltages and are now defined as Qe

8, The values of Qc and'Qk are determined by the method‘df ieaSt squafes%

(assuming ¢ and 7 to be known) by the followingfrelaﬁiOnships:_

r R e ]
i | i(cp - v x Z Q (0 -v)" |
Q, ‘ '

N Le
| | (o - V) I
q, = — — - (4.18)
| i [Z(cp-_vy] . o
L |
o Lo |
and |
| [% Z Q, Z (% - v,) - Z Q, (@ - Va)7]
Q. = , — _ - (4.19)

—

.‘ ' 2 n
N . [ (o - Va)7] -
Z (@ -v)® |1 - == —

| ) e-vwo

These-valuéé-of Qc and Qk are determined for vafious values of 7
within a probable rangé. An error criterion is defined such that the average
valug.of the Square of the differenge_of the actual value_of Qm and the |
‘calculated value_onm is minimum. Then'the value sf Qk for which this erfor

is minimum is used for calculation of the quality factor at any bias.
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4.4 Experimental Results. Table 4.1 gives the values of the quality
factor Q and the value of series resistance of various diodes which:were'

obtained by the method described Previously.
Table 4.1
Determination of Quality Factor of Various Diodes -

(FreqUency = 7.5 GHz)

- -
. : v . c(v) : s
Diode Type Qk : a Q (pF) Q) -
TI Read II © o.215h | o 0.2 6.5 16.%6
TI Read I . 0.3476 0 0.2 7.0 9.5
GD-2 (EPL) 4,242 C75.0 36.6 0.3 1.9

_‘Becauée of #hé néture of the C-V characteristic of Read diodé II,'only :
the portion '(of'thé C-V characteristic) up to fhé punch-through voltage.th
could be used in this method. This-method cannot be used-forrstudying thé
variation of series resiStance with bias vbltage, as the method useé the
avérage value of resistance in the entire‘fange for éalcuiatibn of Qk.  The ."
method described in the next Section is used for studyihg’the.variation:of
series resistance’RS with.bias volfage}

4.5 Study of thé_Variationigi_Series Resistance of Diodes with Bias

Voltage. A diode paékage.is shown in Fig. b.b and the eqﬁivalent circuit cf.
a padkaged"diode at alréferehce.plane betweeh‘the cerémicvand the flange of>

the diode is shown in Fig. 4.5. The followiné~measurements-were made to find_
the values of the elements of the equi&alent'circuit using‘the'expefimental

setup of Fig. 4.3: .
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1. Note the.position of minimum and the corresponding VSWR at Qarious-i_
frequencies of small intervals but a fiﬁed bias voltage. | | |

2. A shortihg washer ﬁas'used af the end of tﬁe diode mount“te'establish
a reference:piene. The positioﬁe of minima in the'slotted line ﬁere noted et'
the frequencies.used‘in Step“l.' TheseVPOSitiohs of minima vere ehifted by fhe_ -
sum of the thickness efﬂthe washer andvthe flange of the diode to estebliéh the
reference plane at_the‘desired location. | |

5. Ffem the déta of éteps 1l and 2 the impedance of the diode is'ealculeted
at variods.frequencies.’ A typdcal impedance plot is shown in Figs. 4,6 and V
4.7, | |

L, The preeeding steps are repeated at other bias voitages and for
other types of diodes.

'5; The values of the elements of the equivaleht circuit were éhosen -to
set the bestagreementbetween the theoretical and'exﬁefimental impedences.v A
- computer program2 pefforms the theoretieal calculatioﬁ of the impedance and
makes a graphic presentation of the agreement between the:experimehtal and
theoretical results. | |

Once fhe correct.valuesvof the elements of the equivalenf circuit are

established, the samé circuit is used at other bias'voltages.b Since the
junction capaciteﬁce c(v) is knownfat various bias voltages; a few runs of the
computer program with different values of R, ean easily establish'the-correct
values of Rs at that:partieular bias. The experimentel results are tabulatedi

in Table L4.2.

2. Laton, R. W., private communication
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Table 4.2

Measured Values of R, for Read Diodes

Series . :
I e Re31stance R ’ ' Punch-Through
- : Series . : " R
, _ Blas V?tgage Resistance R_ (Table b, l) ‘ 'VOltége-¢pt
Diode Type a - jﬂ) (Q) . : (V)
TI Read TI| O | '15.0 . | . 16.36
TI Read II | . =23 L 6.0 -
— 20
TI Read ITI | - -35 . 1.5 '
TI Read I |. 0 10.0° 9.5
(EPL) - o :
' TT Read T 30 | 7.5 | - 37.5
(EPL) BB o ’ : o
TI Read I | - -55: 1.5
(EPL) ‘ o

4,6 .Discussipn. The.Read diode beeause of its dopiﬁg profiie has a
series resistaﬁce which4is quite'high before the punch—through'voltage,e
decreases s1gn1f1cantly after the punch through voltage and is low and remalns
constant after the i-layer 1s completely swept out. -

Because of the hlgh series res1stance when the blas veltage is below the
punch—through voltage,_the efflclency for harmonicugeneration~w1lleeOdecreased
coneiderably at-hiéhipower'dperating-levelsw:~waever, for efficientrconversion
at low power levels and for: low-frequency harmnnlc generatlon the dev1ce
may be quite useful. ,It'w1ll also betuseful in voltage-tuning -

applications. . .. .- e

L.7 Program for the Next Period. Harmonic generation for low-level
inputs utilizing a Read'Varactor will be investigated experimentally. The
possibility of oScillator'frequehcy tuning using this type of varactor will

also be examined.




