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ABSTRACT

A very useful method of formulating the Total TrarResistance of ordinary mesa structure of DDR
IMPATT diode oscillators are presented in this paggalculation of Total Thermal Resistance of the
device along with other components associated iyitmaintaining acceptable accuracy is very much
important to determine the thermal performancehaf oscillator during continuous wave steady state
operation. A lumped analytical model of heat transh ordinary mesa structure of DDR IMPATT diode
on semi-infinite heat sink is developed, from wioh entire thermal resistance formulation is done.
Calculations of Total thermal resistances assodatgth different DDR IMPATT diodes with different
base materials operating at 94 GHz (W-Band) arduided in this paper using the author’'s developed
formulation for both type-lIA diamond and coppemsénfinite heat sinks separately. Heat Sinks are
designed using both type-llA diamond and coppemfbthose diodes to operate near 500 K (which is
well below the burn-out temperatures of all thoseseb materials) for CW steady state operation.
Mathematical expression of temperature inside thatlsink as a function of radius and thickness is
developed and using this expression the tempergtunéles inside the heat sinks are investigated
thoroughly. Results are provided in the form ofessary plots and tables. This formulation will ey
useful tool to design Heat sinks for practical IMPRoscillators.

Keywords. Heat Sink, IMPATT Diode, Junction Temperature, LwtpAnalytical Model,
Ordinary Mesa Structure, Thermal Resistance.

INTRODUCTION

The recent advances in IMPATT device technology masle it possible to use this device in
various communication systems operating in millenetave and sub-millimeter wave bands of
frequency ranges which provides advantages suticesased resolution and use of low voltage
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power supplies. The availability of several atmeasphwindow frequencies in the mm-wave
frequency range (30-300 GHz) has further incredabedusefulness of IMPATT diodes which
can now produce appreciable amounts of millimetavevpower at very high frequencies of
operation. Last four decades, several workers baea exploring the possibility of high-power
generation either from a single IMPATT diode ornfrdhe several diodes by using power
combining techniques. It is well known that the@éincy of the IMPATT diode is relatively low
[Practically 5-15% for CW operation], a large fiactof the dc power is dissipated as heat in the
high-field region. The temperature of the junctitses above ambient, and in many cases output
power of oscillator is limited by the rate at whibkat can be extracted from the device. As
junction temperature increases, the reverse sainratirrent rises exponentially and eventually
leads tathermal runway phenomenoesulting the burning out of the device. Sinceantcast to
the avalanche current, the reverse saturation rudicees not require a large voltage to sustain it,
the voltage begins to decrease when the junctids lget enough for the reverse current to
constitute a significant fraction of the total ant. A thermally induced DC negative resistance
is produced, causing the current to concentratbarhottest part of the diode. As well as leading
to the eventual burn-out of the junction, the iasex] saturation current at elevated temperatures
produces degradation in the oscillator performatqeower levels below the burn-out value. The
increased reverse saturation current produces tar fasild-up of the avalanche current and
degrades the negative resistance of the devices,Tihugeneral, the oscillator efficiency will
begin to decrease at power levels just below then-but power. As the band-gap of the
semiconductor becomes larger the reverse saturatioent associated with it becomes smaller
and consequently the burn-out temperature of thetipn rises. Thus Ge-IMPATTE(= 0.7

e\) are lower power devices than either Bj£ 1.12 e\J or GaAs Ey= 1.43 eV devices. The
amount of DC powerPnax that can be dissipated in a diode is determingedhke burn-out
temperaturelg and thermal resistanc®: Pmax = (Ts — To)/Ry, Where,Ry, is defined as the
temperature rise produced at the junction by tlssigation of one Watt of power. Properly
designed diode and heat-sink are required for g&ingrappreciable RF power from the CW Si-
IMPATT oscillators without device burn-out duringgady state operation.

Authors are formulated the total thermal resistafacethe actual mesa structure of IMPATT
diode oscillator (Figure 1). A lumped analytical aebof heat transfer in ordinary mesa structure
of DDR IMPATT diode on semi-infinite heat sink isad to determine the total thermal
resistance of the whole system that responsiblé&rdmsferring heat from the p-n junction of the
device (Heat Source) to the ambiefd € 300 K). As discussed earlier, due to very small DC to
RF conversion efficiency of the CW IMPATT devicetaege amount of the DC power actually
dissipated in the device during steady state ojperaf the oscillator. That actually increases its
internal temperature (junction temperature) welb\abthe ambient temperature. If the device
junction temperature becomes too high, the deviag suffer permanent damage or burn-out.
That is why IMPATT devices are packaged with heéaitsso that heat can be conducted away
from the device during steady state operation. ldedt dimensions are chosen properly such
that total thermal resistance attains such a viiaecan keep the junction temperature of the
device well below the burn-out temperature (différéor different base materials) during CW
steady state operation of the oscillator.
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Figure 1. Schematic diagram of W-Band resonant cap cavity.

Schematic diagram of a resonant cap cavity IMPASGil@ator is shown in Figure 1. Heat sink
is attached below the device. At the upper sidthefdevice a bias post [Figure 1] is connected
with the device through package cap and one or maick plate lead(s) [Figure 2] to supply DC
bias current. So if we consider the junction of tlewice as the heat source during steady state
operation of the oscillator then it is clearly big that there are two paths for heat from the
junction to flow towards the ambient. First onebmslow the junction, i.e. junctior»> diode
portion below the junctior~ heat sink— ambient. And the second path is above the jungction
i.e. junction— diode portion above the junctier gold plat lead(s}» package cap~ disc cap

& bias post— ambient. Cut way of packaged IMPATT diode is shawRigure 2. In this figure

the detail structure of the device with the package heat sink is clearly visible.

GOLD TAPELEAD

IMPATTDIODE  CERAMIC HEAT SINK BASE
INSULATOR

Figure 2: Cut way of Packaged IMPATT Diode.

The rest of this paper is organized as follows.tiBecll describes the details of the actual
formulation of the Total Thermal Resistance. Sectib provides the algorithm used to design
the heat sinks for IMPATT oscillators to operateairparticular junction temperature during
continuous wave steady state operation. Detailetthenaatical expression for two-dimensional
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temperature distribution inside the heat sink igettgped in Section IV. Designed Heat Sink
Dimensions (using Diamond and Copper both), caledlalotal Thermal Resistances and
Junction Temperatures for different CW DDR IMPATIodes with different base materials

operating at 94 GHz (W-Band) are studied and coetpar Section V. Results are provided in
this section in terms of necessary plots and taBlesiperature distribution inside the heat sinks
are found out and presented as graphical formllizitiee paper concludes in Section VI.

1. Formulation of Total Thermal Resistance

Consider a cylindrical block of a material of faa®aA, thicknesd. and the temperature of the
upper and lower faces afig and T, K respectively Ty > T,). So heat will conduct from the
hotter face to the colder face.Qf be the amount of heat conducted in timsecond, then it is

found that,

Q ® A
® (Tl_TZ)
o t
w0
L
=Q= kA(Tl _Tz)t (1)

L
Where k is a constant, callethermal conductivity

T
<

T,
Figure 3: Cylindrical Block.
Now the Thermal Resistance can be defined as,

_ Temperatue Change T, -T,

" Heat Flow Rate (g)
t

So, the thermal impedance is defined as the temperaise produced at the junction by the

dissipation of one watt of power. Now, using (1§ dR) the thermal resistance of a cylindrical
block can be formulated as,

(@)

R, =(ﬁj wherg A=7r2 [Cylinderhaving circular cross sedion of radius r] 3)

In this paper, our aim is to formulate the Totakfhal Resistance of the packaged IMPATT
diode over semi-infinite copper/diamond heat simkFigure 4 the actual structure of typical
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Silicon based Ordinary Mesa diode over diamond/eoeat sink is shown. The position of the
junction along with different layers of the DDR IMPT diode is shown in this figure in detail.
To determine the thermal resistance of the mesdedior simplicity its actual structure must be
approximated properly without losing accuracy digantly. Three steps of approximation of the
different layers of the mesa diode are elaboratdéte Figure 5.
-——

é_f_f_fAu -Layer

Cr Layer

= nt.Layer

s ———nlayr DIFFERENT
JUNCTION | LAYERS OF
ORDINARY

MESA DIODE

ucmmd Layer
DIAMOND/COPPER
HEAT SINK
Figure4: Actual Structuresof typical Si based Ordinary Mesa diode over Semi-Infinite Diamond/Copper
Heat Sink.
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Figure5: Three Step Approximationsfor different layersof Ordinary Mesa Structure of DDR IMPATT
diode.

In the first step (step-1), different layers arsumsed to have the shape described in Figure 5(a).
p-layer of the mesa DDR diode can be closely appnaied to have conical shape (step-2) as
shown in Figure 5(b). In the next step (step-3) gHayer of the diode is approximated @&as
number of concentric cylinders having same axiayie @d,/n) but increasing radius uniformly
fromrg tor,.; (Figure 5(c)). As number of such cylinden} increases, the approximation comes
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closer to the conical shape. When- «, then this approximation (step-3) becomes pesfectl
conical approximation (step-2) qf-layer. Finally p* and contact-layers below the junction
together are approximated as a cylinder of fixatiushaving the radius,.;. Generallyp™ and
contact-layers below the junction have square esestions, but in our analysis [for simplicity]
these cross-sections are approximated as cirdddaat sinks are also assumed as having circular
cross sections. Secondly for the portion of theléiabove the junction Silican n" andcontact-
layers above tha'-layer together are approximated as a cylinderixddf radius having the
radiusro.

Following the above mentioned assumptions for tlbedal now the Total Thermal resistance of
the ordinary mesa diode along with the heat sink @her package components and bias-post
and disc cap will be formulated in this sectionluinped analytical model of heat transfer in
ordinary mesa structure of DDR IMPATT diode on sémfiinite heat sink is shown in Figure 6.
Here the p-n junction is considered as the constaat source (Continuous Wave operation).
From the junction of the diode the heat will contsly flow upward [through Diode (above the
junction portion), Gold Tape Lead(s), Package (ajsc cap & Bias-Post] and downward
[through Diode (below the junction portion), He@tlg to the ambient during the steady state of
operation.

* Ryp > Rpowy ——
Ry, R. Rjpgffective RpiodeUp  Rpiode pown  RHeat sink
e ot ' *ort ot
« JUNCTION -
HEAT FLOW [HEAT SOURCE] HEAT FLOW
AMBIENT [ 300 K ]| [ AMBIENT [ 300 K | AMBIENT [300 K ||

Figure 6: Lumped Analytical Model of Heat Transfer in Ordinary Mesa Structure of DDR IMPATT Diode
on Semi-infinite Heat Sink.

First consider the downward portion of the heatvflthe thermal resistance associated with that
portion. The thermal resistance of fhiayer of the diode can be formulated as follows,

n-1
e e )

i "“Base Material

Where, (fm-ri):%ﬁr"r) for, o<i<(n-2). Now the expressions of thermal resistancespfer

layers is,
d

R. = + (3)
P |: nnz—lkBase_MateriaI :|
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Combined thermal resistance of the contact-layelswthep’-layer is,
1l di
RConantiDown = Z— (4)

TTi%0 Mot Ki

Where,d; andk; are the thickness and thermal conductivity ofitheontact layer [assuming total
m numbers of contact-layers are present]. TherdfmeeTotal Thermal Resistance of the diode
below the junction can be written as,

RDiode_Down = Rp + Rp* + RContact_Down (5)

Thermal resistance of the Heat Sink will be,

L
R Heat_Sink = |:77RE|H|(H :l (6)

Where, Ly and Ry are the heat sink thickness and radius respecti&dythe Total Thermal
Resistance below the junction (Diode + Heat Sirak) lbe expressed as,

Roown = Rbiode_pown * Rieat sink (7)

Now the Thermal Resistance of the diode aboveuhetipn has to be formulated. Following
the assumptions in Figure 5 expressions for TheReaistances of thg n*, and Contact-layers
are given below.

1 d,+d.

n&n® = 2
7T|\ r0 kBase_MateriaI

(8)

Where,d, andd,: are the thicknesses of timeandn®-layers respectively. Now the combined
thermal resistance of the contact-layers ovelayer is,

1 d
RConanLUp = 77 ﬁ (9)
i=0 o

Where,d; andk; are the thickness and thermal conductivity ofitheontact layer [assuming total
s numbers of contact-layers are present]. TherefoeeTotal Thermal Resistance of the diode
above the junction can be written as,

RDiode_Up = Rn&n* + RContact_Up (10)
The expressions of Thermal resistances of Gold Tagel(s), Package Cap and Disc Cap and
Bias-post are given in (11), (12) and (13) respetyi

LLead
_ AEffective _Lead I(Au

I:eL _ Effective — t

(11)

113

Scholar Research Library



Aritra Acharyyaet al Arch. Phy. Res., 2011, 2 (1):107-126

Where,t = Number of Lead(s);= 1 or2 or4.

Rc - L package cap :| (12)

L Aeffectivg packageicapkAu

Rb — L disc_cap + L bias_post } (13)

L Aeffective_disc_cakau Aeffective _bias_postkCu

So the Total Thermal Resistance above the jun¢bomde + Gold Tape Lead(s) + Package Cap
+ Disc cap & Bias-post) can be expressed as,

RUP = F'2Di(1(197Up + RLfeffective"' Rc + Rb (14)

At the steady state heat will flow take place frira junction (source) to the ambient (sink) via
two paths. One path is downward the junction andtheer is upward the junction. Now
expressions for the Thermal Resistances for bothesfe paths are known from equations (1) to
(14). From the lumped analytical model of heat ¢fanin ordinary mesa structure of DDR
IMPATT diode on semi-infinite heat sink is shown kingure 6, it can be concluded that the
Equivalent Total Thermal Resistance of the wholey will be the parallel combination of the
Thermal Resistances associated with these two.paths

R R

Rrorar = Rup 1l Roown = RoeRoown | - o (15)
Rup * Roown 1+ [ Roown J

Rue

Now the cross-sectional area of a gold tape leaekig small compared to the effective diode
cross-sectional area. That is way the effectiventiaéresistance of gold tape lead(®) Etectivd

is very large. That makes the value Rfr very much greater compared Rpown [Rup >>
RoowN- So, Total Thermal Resistance can be written as,

. R
RroraL = Roown Since  Ryp >> Rpown» (%] -0 (16)
P

2. Algorithm Used to Design the Heat Sinks

The main goal of this work is to design heat sifdecsIMPATT sources to operate nesd0 K
(Junction Temperature) during CW steady state dpetaln Figure 7 the details of the
algorithm used to design the heat sinks for IMPAGSEillators is described as a flow chart. At
the first step, different input parameters (Ther@ahductivities, Thicknesses of different layers
of the diode, ambient temperature, breakdown veltdgas current density and efficiency)
(Figure 7) are taken as input of the computer @wgrin the second step, the diode Thermal
Resistance is found out using (5). Heat sink theslsn( ) and RadiusRy) are initialized in the
third step. Next in the forth step, the Thermalstasice of the heat sink is determined. In fifth
step, the Total Thermal Resistance (Diode-Heat sorkbined) is determined using (16) and
then in the sixth step the Junction Temperatureaisulated. Now the calculated Junction
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Temperature is checked whether it stays betwdé K and 520 K (seventh step).

Read Thermal Conductivities of
different materials, Thicknesses of
different Diode Layers, Junction
Diameter of the Diode, Ambient
Temperature and DC Parameters
of the Diode (Breakdown voltage,
Bias Current Density and
Efficiency) as Input Parameters.

Find out the Thermal Resistance of
the Diode, Rpjge_pown [Delow the
Junction]; assuming there is no heat
flow occurs above the junction due
to very high value of Thermal
Resistance.

Initialize the Heat Sink Thickness,
Ly(fixed) and Heat Sink Radius, Ry
(variable).

[
N5

Find out the Thermal Resistance of
the Heat Sink, Rueae_sink.

\I/ Ry = Ry + ARy

Find out the Total Thermal
Resistance using.

No
Rrorar = Rpown = RDde_Doh n T RHenr_smk

Find out the Junction Temperature If, v
es
using,
490K =T; =520 K

T;=T0 + Rrorar .(1-1). Ve oAy

Figure 7: Flow Chart showing the Algorithm for Designing the Heat Sinks.

If yes then the computer program stops and givesgrandRy values as designed values along
with corresponding Total Thermal Resistance ancttinm Temperature values; if no, then the
control goes back to the fourth step wRh = Ry + 4Ry (with a small increment in Heat Sink
Radius). In this way the program circulates irt tbap until the condition told in seventh step is
satisfied.

115

Scholar Research Library



Aritra Acharyyaet al Arch. Phy. Res., 2011, 2 (1):107-126

In the present work, for each case the heat siokrbss is kept fixed at some value and the heat
sink radius is initialized a®y = 1 um. Ry is increased by¥Ry = 1 um in each iterationdRy is
kept very small such that the checking conditid®0(K < T, <520 K) attains easily.

3. Temperature Profile I nsidethe Heat Sink

Actual Structure of the Mesa Diode [Double Driftgken (DDR) IMPATT] is shown in Figure 8
[9]. During the steady state (CW-mode) operatiotuaty the heat is generated at the p-n
junction. This heat must be transferred to the amd® with a constant rate through heat sink to
avoid the device burn out. Since the thicknessefdiode is very small, it can be assumed that
the junction temperature is equal to the diode biedtinterface temperature during steady state.

Figure 8: Mesa Structure of DDR IMPATT Diode.
Now the temperature distribution inside the serfinite heat sink will be found out. The
temperature distribution within a homogeneous solitinder of isotropic media must satisfy
Laplace Equation. Laplace equatiarcylindrical co-ordirnate [2][6][7],
027(r 2,6)=0 (17)

Due to symmetry, temperature is only the functibtwom spatial variables, z only,

9*1(rz2) , 107(r2) , 9°7(r2)
or? rooor 0z°

-0 (18)

Equation (18) is satisfied by,
e43,(ar) (19)
For anya, thus,
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e 43, ()t ()aa (20)

Equation (20) will be solution of the problem, if1) can be chosen to satisfy the prescribed
conditions in the planeg = 0. The two most interesting cases follow from thdlvwaown
integrals involving the Bessel functions [6],

T (Ar)sin(AR, ) — -sm’l(%] r>R,
0
=7—21 r<R, (22)
[30(4r)3, (1R, Jaa =0 (>R,
0
:% r:RO
(22)
:% r<R0

Here heat is supplied over the circular asea <R, in the planez = 0. Since the diode thikness

is very small, again it will be valid approximatitimat temperature distribution at the junction of
the diode is almost same as at the diode heatistakface [Temperature distribution at the
interface is taken as uniform here] [4].

CONSTANT HEAT FLUX 'f'

i

Lisgte g s it in
TN r
f—

Ro 1!11&«1&!"'

SEMI-INFINITE HEAT SINK

y

z

Figure9: Figureillustrating the M esa diode Semi-infinite heat sink interface.

The regionz>owith constant fluxf' over the circular area<r, and zero over >Rr,. So, the
boundary conditions will be,
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Boundary Conditions:
a7
0z z=0

f
— O<r<
” R

=0 r>R, (23)
Using (20), (22) & (23) we get [3][6],

T(r2) = [ 3, (o (R )

(24)
A solution of (24) at the plare= 0is given by [3][10][11],
T(rp):%%Etéj 0<r<R, (25)
T(rp)=fT%% E(%j_[l_(%ﬂ,{%ﬂ Ry <r <o (26)

Where, K(m) and E(m) are the Complete Elliptic Integrals of the First 8econd Kind
respectively. Definitions of them are as following,

The Complete Elliptic Integral of First Kind is,

K(m) = F(’—ij (27)
Where,F is the Elliptic Integral of First Kind,

K(m) = i[(l— tz)(l— mtz)]_% dt =E[(1— msin? 6)]_% do (28)

The Complete Elliptic Integral of Second Kind is,

q@:qmm:%ﬂﬂ (29)
Where,
E(m)= i{(l—tz )—% (1— mtzﬁ}dt :i[(l— msin? 9)]% do (30)

Some definitions oK andE use the Moduluk instead of the parameter They are related by,

k?=m=sin’a (32)
The actual temperature % times the normalized temperature, whiéreis the power input

density to the heat sink is the diode radius at the interfakes Thermal Conductivity of Heat
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Sink material. The improper integral of (8) is exstkd by numerical method. Detail of the
evaluation procedure of the integral is given ipApdix A.

RESULTSAND DISCUSSION

A double iterative field maximum computer method lh@en developed (by the authors) which
solves the basic device equations (e.g. Poisonatieg Current Density Equations and Current
Continuity Equations) simultaneously, considerirfte tmobile space charge effect. This
computer program is used to design CW DDR IMPATAddes with different base materials and
optimized those performances to properly operat®4aitGHz. Structural and simulated DC

parameters of those designed diodes are listeABLE |.

Tablel: Diode Structural and Simulated Dc Parameters

BASE FREQUENCY | p-EPITAXIAL | n-EPITAXIAL BIAS BREAKDOWN | EFFICIENCY
MATERIAL OF LAYER LAYER CURRENT | VOLTAGE (%)
AND DIODE | OPERATION | THICNESS THICNESS | DENSITY (Volt)

STRUCTURE () () (Amp/nf)
Si- DDR 94 GHz 0.300 0.400 6.00X10 21.98 10.07
InP- DDR 94 GHz 0.352 0.350 1.10¥10 27.50 16.30
4H-SiC- DDR 94 GHz 0.555 0.550 1.80%10 207.60 16.30

In this paper, the main aim is to determine theriffag Resistances of the diodes. To do this, the
thicknesses of the all layers of the diode muskm@wvn exactly. Thicknesses of the epitaxial
layers are already available from TABLE | for ealibde. So the thicknessesf and contact-
layers onp” -layer must also be known (as we are interestéglanthe Thermal Resistances of
the diodes below the junction). For the Si-DOR;layer thickness is taken &0 nmand it is
coated with &r-layer abou60 nmwhich is followed by an evaporatédi{ayer of300 nm The
coating is done by e-beam evaporation of metalSiomafer having appropriate doping profile.
Substrate heating is required for good adhesiomettl layers. Finally 8000 nm Adayer is
electroplated on evaporatédrlayer. In case of INP-DDR, the thicknesses of ghdayers are
taken as500 nm In this diode metallization is done in the samecpss as in case of Si-DDR
discussed previously (thicknesses of the contgetréaare also same). In case of 4H-SiC-DDR,
at first metallization is done b&d/Ti/Al layers respectively with thicknessé® nm/20 nm/40 nm
over thep” -layer @00 nn). Next on the lasAl coatingTi/Au are evaporatedsQ nm/ 300 nin
respectively. Lastly 8000 nm Atlayer is electroplated on evaporateglayer.

Another two important things to determine the TharResistances of the diodes are (1)
Diameters of the diode junction8r§) and Diameters of the diodes at diode-heat sitd¢fizce
(2rn-1) and (2) Thermal Conductivitieg)(of the all layers. For continuous wave (CW) opiera
normally junction diameter i2ro = 35 um and diameter of the diodes at diode-heat sink
interface is2rn.1 = 200 um. And the thermal conductivities (800 K) of all the materials (diode
base materials, contact materials and heat sinkrrabs) are given in tabular form in TABLE II.
Also for determining the thermal resistancegpdéyers of the diodes value af[Figure 5] is
taken adl00, which is a sufficient approximation for this ordd dimensions.
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Tablell: Thermal Condutivities of Different Materials At 500 K

MATERIALS BASE MATERIALS CONTACT MATERIALS HEAT SINK
MATERIALS
Si InP 4H-SiIC| Au Ni Ti Cr Al Pd Cu Type-lIA
Diamond
THERMAL 80 68 370 317 90.7 21.9 93.7 23)7 71.8 396 1200
CONDUCTIVITY
[Watt/m°C]

Both metallic (copper) and type-lIA diamond are wemtionally used as heat sink materials.
However a significant thermal advantage is gaingdiding type-lIA diamond heat sinking. At
first to compare the total thermal resistancesliafiades (TABLE 1), heat sink made of copper
and diamond of same dimensions (Heat Sink Raduys; 500 xm and ThicknesslL.y = 3000
um) is considered. The total thermal resistancesaohaliode are plotted as a function of diode
diameter (for both copper and diamond of same d&mes). A good comparison can be
obtained from this graph (Figure 10). Dependindhenthicknesses and thermal conductivities of
different layers of the diodes total thermal resises attained different values for a particular
diode diameter. From Figure 10, it is cleared #ighe diode diameter of our interest (iZo =

35 um) total thermal resistance of Si-DDR (94 GHz) asathe highest value (abofifi.09
°C/Watt for copper heat sink and 4.83/Watt for diamond heat sipkand 4H-SiC-DDR (94
GHz) attains the lowest value (abdifi.09°C/Watt for copper heat sink and 3.83/Watt for
diamond heat sink Due to very small thermal conductivity (80 WaftC at 500 K) of Si, Si-
DDR (94 GHz) diode attains such larger value odltttermal resistance; and due to very large
value of thermal conductivity of (370 Watt/@ at 500 K) 4H-SiC, 4H-SiC-DDR (94 GHz)
attains such smaller total thermal resistance te#sithickesp-layer. For a diode diamet86

um of, the value of total thermal resistance for dah is roughly58% of the corresponding
value of the copper. Thus for a fixed output powad efficiency, the temperature rise over
ambient for diamond heat sinking is 08% of the corresponding rise for copper. Conversely,
for a fixed junction temperature and efficiencye tutput powerRgre = (AT/Rrota)(n/1-n), AT

= T; — Tg] can be increased abo@R% by using diamond rather than copper [5]. However,
efficiency is also enhanced with diamond heat siglso that the actual power increase can be
even greater [1].

Tablelll: Heat Sink Dimensions, Thermal Resistance And Junction Temperature

BASE HEAT SINK DIMENSIONS THERMAL JUNCTION
MATERIAL COPPER DIAMOND RESISTANCE TEMPERATURE
AND DIODE (°C/Wat) K)
STRUCTURE USING | USING USING USING

DIAME | THICKN | DIAMET | THICKN | COPPER| DIAMON | COPPER | DIAMOND
TER ESS ER ESS HEAT | D HEAT HEAT | HEAT SINK
(um) (um) (um) (um) SINK SINK SINK
Si- DDR 620 2000 360 2000 18.23 17.88 508 504
InP- DDR 440 5000 260 5000 84.35 79.80 505 494
4H-SiC-DDR 860 1400 500 1400 6.55 6.40 497 493
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Figure 10: Total Thermal Resistance asa function of Diode Diameter for fixed values of the Heat Sink
dimensions[Heat Sink Radius, Ry =500 #m and Thickness, Ly = 3000 #m].

Now the heat sinks are designed for each diodegusith copper and diamond to operate those
in CW steady state condition nég00 K junction temperature using the algorithm descrilved
Section 1ll. The designed heat sink dimensionscutated total thermal resistances and
corresponding junction temperatures are listedABOE IIl. Form the TABLE llI, it is evident
that the total thermal resistance of InP-DDR (94z14 largest and 4H-SiC-DDR (94 GHz) is
smallest. These can be explained from TABLE I. FFDABLE |, it is clear that the dissipated
power Pissipatea= (1-77).Ve.Jo.Aeri;, Where \6 = Breakdown voltage,oJ= Bias current density, &

= Effective junction arepis smallest for InP-DDR (94 GHz) and largest ft-SiC-DDR (94
GHz). Eventually, to keep almost same junction terapure T; = To + Rroral Puissipated N€&r
500 Kthe total thermal resistancBrpra] must be largest for InP-DDR (94 GHz) and smallest
for 4H-SiC-DDR (94 GHz). So, to makeroraL largest heat sink radius values [diamond and
copper heat sinks] must be smalleR po 1/r]; similarly to makeRrora. smallest heat sink
radius values [diamond and copper heat sinks] ineidargest. That is way it can be seen that,
the radius values of both diamond and copper heks @are smallest for InP-DDR (94 GHz)
[smallest heat sink volume] and largest for 4H-8IDR (94 GHz) [largest heat sink volume].

The algorithm used here (described in Section di)y adjusts the heat sink radius values,

keeping the heat sink thickness values fixed taiokthe equivalent junction temperature [near

500 K] during CW steady state operation for a particad@de [for both copper and diamond
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heat sinks]. In Figure 11 junction temperaturealbthe diodes as a function
resistance is plotted.
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Figure 11: Junction Temperature asa function of Total Thermal Resistance.
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Figure 12: Total Thermal Resistance asafunction of Heat Sink Radius [copper and diamond heat sink

thicknesses are kept samefor a particular diode].
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Figure 13: Temperature asafunction of radius and thickness of the heat sink; (a) S-DDR with copper heat
sink, (b) Si-DDR with type-I1 A diamond heat sink, (c) InP-DDR with copper heat sink, (d) InP-DDR with
type-I1 A diamond heat sink, (€) 4H-SiC-DDR with copper heat sink, (f) 4H-SIC -DDR with type-I| A diamond
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The value oRroraL required to obtaiff; near500 Kfor a particular diode can be obtained from
the corresponding Junction Temperature vs Totalriihe Resistance graph. After getting
requiredRroraL vValues for a particular diode the correspondingt lsnk radius values (copper
and diamond heat sink thicknesses are kept sama particular diode) can be obtained from
Figure 12 (Total Thermal Resistance vs Heat SinHilaplot). From Figure 12 it can be
observed that the total thermal resistances be@mest equal for very large valuesRyf (for
fixed thickness,Ly); because for very large values Bf; the dependence of the Thermal
Resistance of the heat sink becomes almost indepéraf the heat sink material thermal
conductivity ky). So, it can be concluded that, for very largeugal of Ry (for fixed thickness,
Ly) diamond and copper heat sinks will give the speréormance.

During the steady state (CW) operation of the IMHAGScillator the heat generated at the p-n
junction of the diode must be transferred to théiance with a very high rate. To achieve this
purpose heat sink made of some special materi@isdnaery high thermal conductivities [e.g.
copper or diamond (type-IlA)] has to be attacheldwehe diode. Heat sink dimensions must be
chosen such that at the end surface of the helttsmperature falls to ambient temperature
during steady state. For CW operation of the IMPAGSEillator the diode heat sink interface
radius is taken as0Qum. The evaluation procedure of (24) is availablerfrappendix A. Using
this (24) authors have plotted Temperature Distidibuinside theCopperand Diamond Semi
infinite Heat Sinksas a function of andz for all the diodes as shown in Figure 13 [11].
Temperature distributions inside the heat sinksadlst depends on the dimensions of heat sinks,
heat sink materials and the diode-heat sink intertamperature. Here it can be assumed that the
junction temperature of a diode is approximatelyuaqto the diode-heat sink interface
temperature. As the thickness of a diode belowuhetion is much smaller compared to the heat
sink thickness, the thermal resistance of thati@oiRpiode powd IS Very small. That is why very
less amount of temperature fall occurs from thefion to the diode-heat sink interface.

CONCLUSION

Formulation of total thermal resistance for ordynaresa structure IMPATT diode mounted on
semi-infinite heat sink is presented in this pagescuracy in determination of total thermal
resistances actually provides accurate and optirdasign of heat sinks for steady and safe
operation of IMPATT oscillators in continuous wawede which is capable of avoiding burn-
out phenomena. Keeping in mind the cost of the wisystem, typical equivalent heat sink
designs are presented in this paper for IMPATT eisdurces with different base materials
operating at different frequencies by using botmtbnd [High Cost] and copper [Comparatively
Low Cost]. In this paper analytical approach toveothe Laplace Equation to obtain the
temperature distribution inside the semi-infinieahsink during steady state (CW) operation of
IMPATT oscillator is also presented. Temperaturgrdiutions for typical copper and diamond
heat sinks are also plotted graphically to viseatize actual fact. This approach is very much
useful to design heat sinks for CW IMPATT oscillstolt can be easily observed that as the
thermal conductivity of diamond is almost threedsrarger than that of copper n&&0 K i.e.
why required diamond heat sink is much smalleriae shan copper heat sink for equivalent
operation.
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APPENDIX A
Evaluation of Integral of (24) applying Numerical Method: The improper integral of (24) can
be evaluated by following way using Numerical Metli§impson’s 1/3 - Rule].

| :Ie‘”ZJO(Ar)Jl(ARO)dT" (Al)
Put, e =x {/1 = —lln(x) :lln(lﬂ
z z X
= e72d) = - I
z
A 0 o0
X 1 0

After changing variable (A1) becomes,
1 Ro, (1 ro(1 Ro, (1
Jo(rln DJ{In[D Jo(ln DJ{In[D
I:—(j) z (x z X dx:} z (x z X dx (AZ)
! In(ij ° In(i)
X X
Here one can see that the integrant is undefingd=at & x = 0. To avoid these discontinuities

it can be assumed that the lower limitxas 0.000001& upper limit asx = 0.999999with
maintaining sufficient accuracy.

AR, &

Now Numerical technique can be used to find outinkegration of above (18). Here Simpson’s
1/3 — Rule is used. According to this Rule,

xfyd><=2[yo+4(y1+y3+ys+ ---------- +Yoa)* 2AYo + Yo + Yo F et Ya) * Yol (A4)

X

Where,x, = Xo+ nh, n = 999998 x, = 0.999999 x, = 0.000001andh = 0.000001
Jo(rln[lDJl(Roln(ljj

Integrant,y=——2 X/ 12 X (A5)

)

Evaluation of the Integration has been carriedoyuising MATLAB software.
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