New Thermocouple-Based Microwave/mmWave
Power Sensor MMIC Techniques in GaAs

Jonathan B ScotSenior Member, IEEET. S. Low, Steve Cochran, Ben Keppeler, John Staroba, andYBats

Abstract—We describe a new RF and microwave power sensor blocking capacitor required for signal separation in thedi
MMIC design. The circuit incorporates a number of advances heating method, but users typically prefer ac coupling bsea
over existing designs. These include a lll-V epitaxial strature it removes the risk of damage through exposure to dc current.

optimized for sensitivity, the figure-of-merit applicable to the op- - :
timization, a mechanism for inbuilt detection of load ageirg and Use of the indirect heating method opens up a number

damage to extend calibration intervals, and a novel symmeical  Of possibilities. The sensor monolithic microwave integca

structure to linearize the high-power end of the scale. circuit (MMIC) described in this manuscript employs the
Index Terms—Thermocouple, microwave, millimetre-wave indirect method. This design introduces three innovations
power Sensor. ' ' " available to an indirect design that are not possible with a

direct one. Firstly, epitaxial material is selected in tight
of the detailed physical analysis of Section Ill to optimthe
signal-to-noise ratio (SNR) and thus dynamic range. Sdgpond
VER 35 years ago the first commercial RF powethe circuit is electronically and geometrically symmaeitjas
sensor that employed a semiconductor thermocouple wésscribed in Section IV. It can work in the conventional way
introduced [1]. Thermocouple-based sensors became the teghere thermal output voltage indicates temperature rigk an
nology of choice for precision power measurement owing taus dissipated power, but also in a “balanced mode” where a
their improved sensitivity, good match and excellent liitga second resistor heats the “cold” junctions to set therneopil
in comparison with thermistor-based sensors [2]. The use @ftput to zero. When so balanced, the RF and secondary
micromachining and the selection of materials with a Iarq@c) powers will be equal, and the power measurement is no
Seebeck coefficient produced a sensor with unprecedenigyer subject to nonlinear thermal conductivity of sudsts
sensitivity. Subsequently other designs for RF power ssnser thermocouple voltage, leading to a substantial impramm
appeared that also relied on thermocouples [3]-[6]. in linearity and reduction in calibration effort (and thusst).
In [3], the power absorber was electrically isolated fronfhirdly, an auxiliary circuit described in Section V is iotr
the thermocouples, and sensitivity was controlled throaghduced to allow measurement of the terminating load resistan
mechanically different arrangement. In the original desiy without otherwise disturbing the operation of the sensbisT
[1], the same materials that comprise the hot junction als#novation permits tracking of load resistor ageing or deom
form the terminating resistance. The “direct heating” noetth of overload-induced damage, opening the way to calibration
of [1] has the advantage of perfect thermal coupling between-demand instead of calibration at regular intervals oemh
dissipator and sensor, but the desired load resistanceedefig malfunction is suspected from measured values.
the material conductivity, and this in turn sets strict tsni
on the doping of the semiconductor that forms one of the Il. THERMOPILE FIGURE OFMERIT
couple materials. In contrast, the isolated design in [8Kto Reference [4] states that “the indirect heating type thermo
the alternative tradeoff of reduced sensitivity througtliiect couple has the advantage that high detectivity is obtained”
heating of the hot junctions in exchange for the possibiity because “the number of thermocouples can be arbitrarily
higher sensitivity through freedom to adjust doping andsthihcreased independent of the [load] resistor”. This is a-mis
the Seebeck coefficient of the couple. leading view. The smallest temperature difference thathmn
Another design using indirect heating is reported in [4bbserved above the noise (in a given bandwidth) is set not
[5]. Advances in this design are substantially associatefly by the output voltage of the pile for a given temperature
with geometrical layout for improved high-frequency resge difference, but also by the system noise. It is true that one
and optimum sensitivity. The design employs a SiGe cryst@ay almost arbitrarily increase the number of thermocajple
and platinum electrodes on different substrates, chosen #nd thus the open-circuit dc voltage to be expected for angive
their manufacturability and thermal conductivity. Refete temperature rise. However, increasing the number of csuple
[4] mentions the possibility of dispensing with the diffitul for fixed chip areaequires that each couple be made narrower,
. . . _ increasing the series resistance of each couple. It turrnthau
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I. INTRODUCTION



as is the case with modern amplifying electronics, it is

straightforward to show that sensitivity is limited by the 402 L
epitaxial layer area (so-called “chip real estate”) detdidao 403 [ HOT
the thermocouples. Any advantage to increasing the nunfber o s —Ec JUNCTION
thermocouples in the direct heating method lies in increasi 404 - OO N --Ef !
the sensor output voltage in comparison with accidentatthe 405 b
mocouples created in connecting to the external electsonic 3 . l
The end result of the switch to “indirect heating”, all other i -4.06 |
factors ignored, has been remarkably similar dynamic ramge g g
any given sensor, as evidenced by the performance of poduct 407 ¢
in the marketplace, and our thermal simulations. 408 I

In order to design an optimum material with which to PN .
fabricate thermocouples, a suitable figure of merit is negli 409 F g b
Assume that a certain area is available between hot and cold : L
regions in a sensor. This area may be occupied by one or more 41 -~ 0O - N M ¥ WM QN ®Q O - =

OI O O O O O o o o o —

pairs of material, each pair forming a thermocouple, and all
may be wired in series to form a thermopile. The width of Position (arbitrary units)
each thermocouple bar will be inversely proportional to the
number of such bars, and for a given material the resistangg 1. Energy level diagram for the case of a bar of semicotdunaterial
of each bar will be inversely proportional to its width. Witrﬁ#bje%)tq a temperature Eradiené and Wgh rc\;etgl contactsotd” éa_) aﬂd

. : . : “hot” junctions. E. is the conduction band edge energy, afd is the
no current flowing, signal vo!tage will _be proportlopal teeth - energy in the semiconductor bar.
number of bars, and total resistance will be proportionahéo
square of the number of bars. The noise voltage contribution
from a resistance i8/, = v4kTBR, whereT is absolute oher arises from the difference in barrier heights of the tw

temperature is bandwidth,R is the value of the resistanceneta| contacts caused by the difference in their tempesatur
and k is Boltzmann's constant. It is easy to show that SNRpe energy diagram is depicted in Fig. 1. We seek first the
is independent of the number of bars for a given materidyetficienta B — E/%_Z’ the magnitude of the electric field

Also the SNR will be maximized if the Seebeck coefficient,qyced by the temperature gradient divided by that gradien
(the voltage developed) is maximized compared to the sQUg{R can write the current density in the bar as
root of the bar material resistivity. This observation le4d a

figure of merit for the material of — oE ﬁ D 2
J = 0B +q5-(Dn) 2)

(0%
FoM = Nz (1) whereo is the material conductivityF' the electric field,q

. N _ _ the charge on the electron, the distance along the baR
wherea is the Seebeck coefficient andis the material bulk the electron diffusion coefficient, and the charge carrier

resistivity! The epitaxial materials with the largest FOM willconcentration. In the case of an open circiit= 0, thus (2)
provide the highest sensitivity, all other factors being@q may be expanded to:

[ll. EPITAXY FOR THERMOCOUPLES E= —%%(Dn) = - <%g—? + %g—;) Z—Z 3
Materials in the 11I-V family can show very high Seebeck
coefficients. [7] In order to select the best alternativeffb& and so
of equation (1) will be used. To this end one must calculate oT 16D D n
the open-circuit thermoelectric voltage, or Seebeck gelta aB = E/& == (ﬁa_T + n_u@_T> (4)

between two metal contacts placed at either end of a bar of
n-type semiconductor subjected to a temperature gradiget.  Using the Einstein relatiorD/n = kT/q, equation (4)
treatment below follows that of [8], but is expanded to imglu May be written in terms of the temperature-dependent electr
degenerate statistics and explicitly includes the tentpeza mobility 1.(T') and the carrier density(T') as
dependent mobility of the semiconductor.

There are two contributions that add to produce the open- aB — E/a_T _ (H)
circuit voltage. One arises from the electric field withireth 0z q
semiconductor bar as a result of the balance of electron drif

and diffusion in the presence of the temperature gradigre., TN (5) the low-field electron mobility. is a function ofn
andT, p(n,T), and fortunately values are well established

1Either bulk or sheet resistivity may be used in this case. fikness for most semiconductors from Hall-effect measurements, fo
of the epitaxial layer connects these. The thickness of thieise limited example see [9], [10]. The electron densityl“) is given by

by processing convenience and cost to about 2 microns. Sueceeek to . .
minimize the final resistance of a thermocouple bar, the masi convenient the Fermi mtegralF% for all dOpIng levelsn. [11]

thickness will always be used, and it is possible to constter factor as
being fixed. n(T) = NeFy(n) = Nee' (6)

3IH(MTT) 0ln(n)
oT oT

()




where B _E and this may be substituted back into (12), using (7), to give
f— e

kT ) k[3F1(n) _ 1dE,
and E; is the Fermi energy in the semiconductor bak, 2]—"’l (n) ¢ dT
is the energy of the conduction band edge, dvidis the _
conduction band density of states. Only when< N, Whenn < Nc both 7y (n) and 7} (n) approache”, which
does the approximation hold, and (6) with (7) reduces #ould simplify this equatlon considerably, but as abovs thi
N,e P Asthe doping level approacha the errors using not a safe approximation for many concentrations of interes

Boltzmann statistics become intolerable. For many doplr?glt is now posqbl_e to assemble resulits and write an equation

levels of interest, such as > 5 x 1017cm~3 in n-GaAs, the o' the open-circuit voltage of the bar:

form with the full Fermi integral must be used. Unfortungtel E¢(a) b

there is no simple algebraic expression tEr( ) valid for Voje = +/ Edl

all . Values are available in tabular form ‘and approximate

algebraic forms exist for various rangesipf[11], [12] These

sources may be used together with equations (6) and (7),10

obtainn(T") and through (5) the Seebeck coefficient. tion (10) to get the unknowrEy(a,b) from the knownn,
To calculate the first contribution to the thermoelectrlg and Neo:

voltage, the drift/diffusion term, the Seebeck coefficiést Ey(a,b) — —kT x F7! ( n(T)B) (16)

integrated along the n-type semiconductor bar using weatev N, T2

arbitrary temperature profil€(z) that may exist along the bar:

(14)

(15)

where the first and Iast terms can be obtalned in the general
cgse by numerically inverting the Fermi integral in equa-

, \ whereF; ! indicates the inverse of the Fermi integral function
Vi = / Bl — / aB(T(z))a—sz ) that must be obtained numerically. The middle term of (15) is
0z simply V5 obtained already in (8).

In many practical cases of interest the temperature diffexe [N many practical cases the temperature difference will be
between the ends of the b&r, — T, is small. In these casesSmall and the gradient constant, in which case we can siynplif
it is possible to assume the Seebeck coefficient is constat;c and write it in differential form. Assumd, is fixed

or aB(T(z)) ~ aB, and that the temperature gradient ig¢nd 7, = 7T, + AT. The change in open-circuit voltage,
constant, or‘g—T = (Ty — T,)/(b — a), so that (8) reduces AVo/c, can be expressed in terms of the incremental difference

to: in temperature using the expressions derived above. We can

identify the incremental increase in the bulk term, the rtedd
Vi = /a Edl ~ aB(T} — Ta) ©)  term of equation (15), as
To calculate the second contribution to the thermoelectric AV, = aB x AT (17)

voltage, produced by the difference in barrier heights of

the two metal contacts at different temperatures, we ref¢pereaB is given by (5). SimilarlyAV, . = comes from
again to Fig. 1. Since/ = 0 the Fermi levelE; must be (14):
constant along the entire length of the bar, since any gnadie k[3 ]: (n)
would drive a current flow. The barrier height at the cooler AV, . = AE,/q= l2 ]_., o
junction (a), E4(a), is defined as the difference between

the conduction band energ¥.(a) and the Fermi level, so Now the rate of change df, . as a function of temperature
Eg(a) = Ec(a) — Ey. Likewise Ey(b) = E.(b) — Ey. For difference can be written as

x AT (18)

each contact equation (6) gives AV,

M) Fyn) = Fy (22 (10) AT T OPTAR

NoT? T3P T kT <kT> (ML) 9in(n)

= —|— +
where the T’ temperature dependence of the conduction q or or
band density of states has been explicitly factored out by 1k [3Fi(n)
defining the temperature-independent prefadtgy. Implicitly l— 2 —n]
differentiating both sides with respect to temperatfirgields 2F 1 (1)
3 n(T) d F dn 11 This can be combined with material resistivity to obtain the

T2N,,TE dn ( el )) ar (1) material Fom.

and with equation (10) some algebra leads to Some open-circuit voltage measurements were taken on

5 p selected material and compared with predictions to confien t
__]:1( )= ]: (n )d; (12) analysis and the correct execution of the evaluation soéwa

2T The proposed FoM has been evaluated for a number of

Where]-"’ (n) denotes the differential function as usual. Difcandidate materials by means of the method outlined above.
ferent|at|ng (6) with respect t@’ yields The predicted FoM for a selection of the materials appears in
dn Ey 1 1 dE, Fig. 2. It is clear that n-InGaAs offers the best performance

aT KT T kT dT (13) ata doping concentration aroumd= 3e18/cm—3. However,
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F -l Fig. 4. Simplified layout diagram depicting the essentigbeass of the
T MMIC required for operation in balance mode, where DC and BWgrs are
compared. Bond pads and coplanar manifolds may be seent ankbfright

ot ends of the circuit leading to split termination resistoFee horizontal bars
1E+016 1E+017 1E+018 1E+019 1E+020 in the middle comprise the thermopile. The layout may be cmen to the

) hotograph in Fig. 5.
n-Doping (cm-3) phofograp 9

Fig. 2. Plot of Figure of Merit (FoM) against doping concetibn for a
variety of materials calculated as described in Section IlI
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Fig. 5. Photograph of a prototype IC with symmetrical layofitthermo-
couples and twin loads with coplanar microwave manifolds.

Fig. 3. Conceptual circuit schematic of the MMIC. The designsists of two
power-dissipating resistors whose temperatures are aeahlarough a series

connection of several thermocouples. Additional cirgufiermits monitoring P . .
of the RF load resistor. a certain incident power level, before linearity affect® th

measurement. In the balanced mode, DC power is supplied to

the second load resistor, so as to servo the thermocougdatout
n-GaAs offers almost as high a figure of merit. GaAs igoltage to zero. In the case of a perfectly symmetrical diycu
considerably cheaper, and selective etch process tedynolgero thermocouple voltage implies that the temperaturaef t
for GaAs/InGaP (compared with InGaAs/InP) was well estalRF resistor exactly equals that of the DC residtbrcident RF

lished, so that was chosen for this MMIC. power is then straightforwardly related to the DC power that
is readily accurately measured. This “balanced” mode aircu
IV. LAYOUT FOR BALANCED MODE vents issues with both the linearity of thermocouple valtag

As intimated in the introduction, this IC embodies a noveéind linearity of material thermal conductivity. A simplidie
symmetrical layout [13]. Referring to Fig. 3, there are twad  diagram explaining the layout is given in Fig. 4. For reasons
resistors, one to handle RF power and a second supplied vifhthermal symmetry and ease of handling both resistors are
DC power. These are of identical value equal to the chardayed out as two parallel resistances each of twice the etesir
teristic impedance, typically 38 The thermopile is layed out resistance within coplanar microwave manifolds, althoogé
so as to compare the temperatures of the two resistors. EQEfhese is never used with RF energy. A photomicrograph of
series of junctions, nominally called the “hot” and “coldéts, @ Prototype MMIC appears in Fig. 5.
resides on an epitaxial web as in [1], signified by the dotted The thermocouples depicted in Figs. 4 and 5 are a stacked
ovals in the figure. For lower power levels, thermocoupesign modelled on the sensors in [7]. One layer consisted of
linearity is not an issue, the cold junctions are indeeddef, Nn-doped and the second p-doped material. This design has not
and the open-circuit thermocouple volta§ig,;, is straightfor- been used in our final design because it suffered two problems
wardly related to the incident power. At higher power leyeld he insulating layer between the stacked materials forms
thermocouples exhibit nonlinear behaviour. This is tyfijca @ PIN-diode style junction, and at higher temperatures and
partially corrected by analog or digital techniques, btitnete voltages it can show leakage. Also, reference to Fig. 2 shows
accuracy suffers and calibration effort is increased. 2 o o o

If the circuit is not perfectly symmetrical, it turns out ththere is a fixed

Inthe deslign presented here, the mode of operation switchgg peween the DC and RF power levels for equal temperstand zero
from the simple hot/cold mode to balanced mode abov&rmopile voltage. This is readily dealt with in caliboati



check
sense

Fig. 7. Photograph of a prototype IC with load sensing resisadded
to the RF manifold. The two long, high-value resistors lievE®en the
Fig. 6. Simplified layout diagram showing the idea behind thed ground and hot tracks of the coplanar waveguide manifold: ddmnections
resistor sensing arrangement. The figure shows only one eofctiplanar to the additional sensing pads are made on a separate mytalda that
manifolds, around which two long thin resistors have beededd leading the resistors may be accessed from below the coplanar grvaoks. The
to two additional bond pads. This schematic layout may bepzwad with ~ crossing conductors remain visible in the image, but do panect.
an implementation shown in the photomicrograph in Fig. 7.

that the FoM for p-material tends to be considerably lowanth

. . o . . . 1000
corresponding n-material, and it is possible to obtain &éig __
overall FoM using only one material for the semiconductoE
bars, and running thin metal conductors between the bars .
achieve the series connections. 100

ile Voltag

V. LAYOUT FOR LOAD SENSING

Referring back to Fig. 3, the left hand side shows a metes 10
connected to the RF input through resistors. This is expthin £ .
in more detail through the simplified layout of Fig. 6. Theade <
is that in normal operation the sense and check connections ’
remain grounded. The resistors leading from the hot RF 10 5 0 5 10 15 20 25 30
connection, the center conductor of the coplanar waveguide Power (dBm)
manifold, are relatively large and have little impact. Hoee
a IOW'freq_uenCy S|gnal_can be appl_led to the check I'_ne' aB% 8. Plot of thermopile voltage as a function of incidemwer for a
the magnitude of that signal appearing on the load resistor Mackside temperature of 30C measured on a prototype GaAsCMMth
be sensed by observing the open-circuit volatge on the sefisgdAs/metal thermocouples.
pad. The check series resistance and the load resistor form
a divider, and so the load resistor value can be determined
[14]. Fig. 7 presents a photomicrograph of this function
implemented on a later prototype MMIC. Second-layer meta
is used to access the high-value isolation resistors, kit tt

erm

1200
!

1100
!
]

mechanism is fundamentally the same. * 8
Ageing and damage in thermal sensors is most common| &+ B 8 B ® !

manifested as an increase in the value of the load resistcz Y , . v ’ o

Damage is usually burnout or physical breakage of the load r¢z & . o

sistor, while ageing is commonly an increase in the restgtan ~ _ N ¢ ) ,

induced by ablation of the resistor material that is acedtet 2] 70 dog G VTGN — 300+ 501 * PN V]

at higher operating powérThe sense scheme described here | 20 e CATCIPIIW = 541 + 1305 - P (]

allows the meter to detect this load resistance changeo8ns " B o~ 5 00401 tmrardeq

were originally designed to be recalibrated anually in orde g

to guarantee accuracy. Many users discover that their usa . : M 0 00

patterns are less demanding, and the sensors do not fall c Pinmiw

of calibration for years. The ability of the meter to sense

its own resistor opens the possibility for calibration i8S Frig 9. Piot of the measured sensitivity jii//mW against input power in
to be extended greatly, approaching a calibration-on-aemaniliwatts (mW) for various backside temperatures on thesaMMIC used

; ; tg obtain the data shown in Fig. 8. Data at 90C are marked withat 70C
scenario. It may turn out that another mechanism, such V\% 5, at 50C withs and at 30C withe.

3The maximum rated power of a thermal sensor is typically sethe
increased wear caused by the high temperature of the lo&doreSThere is
therefore a tradeoff between the maximum rated continuaweep and the
interval possible between calibrations of the sensor. énekireme case this . . .
“wear” consists of mechanical failure through differehtexpansion rather connector mechanical wear, simply takes over as the dorninan

than accelerated chemical change. cause of need for recalibration.



VI. M EASUREDPERFORMANCE 6) introduces a symmetrical layout and balance mode of
operation that permits high natural analog linearity
across the upper operating range of the IC.

The company that funded this research chooses to retain a
the linear region of the response. Fig. 9 shows the sergitivi number of design features including the RF manifold design,

L\VImW for a variety of base temperatures. The sensitivity R€CIS€ €pitaxial details, and backside etch technology as
considerably higher than the 160mW achieved in [1]. The trade secr_ets. Nevertheless_, thg ideas presented hercey.l_re k
SNR of the circuit allows reliable measurement of power dovg.pvance; In an mtegrateql cireuit that has replaced tuosHi
to -33dBm with a settling time constant well below 1 second@S€d circuit used previously in a line of thermal power
The thermopile MMIC operates over a range of powers froffsors-
>100mW to <0.5uW.

The dynamic range of the MMIC is set by the lowest REFERENCES
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This manuscript

Fig. 8 shows the voltage measured as a function of power on
a prototype circuit fabricated using n-GaAs thermocouplesb
The sensitivity is approximately 0.85 V/W or 850//mW in

1) dispels the misconception that there is a relationship
between the number of thermocouples used in an IC and
the temperature measurement sensitivity that is achieved,

2) proposes a figure of merit useful for optimal selection
of epitaxial material,

3) presents the physics required to accurately predict the
figure of merit in compound semiconductor thermocou-
ples,

4) identifies a suitable material that has been used to
fabricate RF power sensing circuits,

5) describes a layout that enables in-situ measurement of
the load resistor without compromise in RF perfor-
mance, and



