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Thermal Effects in Suspended RF Spiral Inductors

H. Sagkol, Student Member, IEEE, S. Sinaga, J. N. Burghartz, Fellow, IEEE, B. Rejaei, and A. Akhnoukh

Abstract—Self-heating effects on integrated suspended and bulk
spiral inductors are explored. A dc current is fed through the in-
ductors during measurement to emulate dc and radio frequency
power loss on the inductor. A considerable drop in Q by ~18%
at 36.5 mW is observed for suspended coils with 3-xm aluminum
metallization compared to reference inductors on bulk-Si. Simula-
tions in Ansoft’s ePhysics indicate that, due to the thermal isolation
of the suspended coil, the power loss from resistive self-heating in
the metal has to be transferred outwards through the metal turns.
This also results in a thermal time constant. This time constant is
measured to be ~10 ms, meaning that it can affect power circuits
operating in pulsed mode.

Index Terms—Micromachining, radio frequency (RF) circuits,
spiral inductor, suspended inductor, thermal effects.

1. INTRODUCTION

N-CHIP spiral inductors are starting to replace their off-

chip counterparts in radio frequency (RF) circuits, driven
by the need for smaller size and lower cost. Inductors on conven-
tional silicon (Si) substrates, however, considerably suffer from
RF substrate losses, thus limiting the inductor’s quality factor
(Q) [1]. Local removal of the Si underneath, i.e., suspension of
the coil, is an obvious solution to eliminate such substrate losses.
This technique has therefore been used in various approaches to
demonstrate record-() results from the first attempts to induc-
tors on Si substrates until today [2]-[7].

In contrast to the common inductor S-parameter characteri-
zation at a very small signal power level (—20 to 0 dBm), in
real circuit applications often large RF signals or dc bias cur-
rents are passed through an inductor [8]. Since the removal of
the Si not only reduces the substrate losses but also isolates the
suspended coil thermally, self-heating effects can resultin a dra-
matic change in ) associated with a considerable time constant.
Only the mechanical aspects of these thermal effects have been
discussed so far [2], [4], [9].

In this letter we present, to our knowledge for the first time, a
detailed investigation of the effect of self-heating on the elec-
trical characteristics of integrated spiral inductors in general,
and of suspended inductors in particular.

II. INDUCTOR DESIGN

Spiral inductors ranging from 1 to 10 nH were designed
and fabricated in an in-house bipolar process with two alu-
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Fig. 1. Cross section of the suspended inductor.

minum (Al) interconnect layers with a thickness of 0.6 and
3 pm (Fig. 1). A 4-pm-thick oxide layer was used to isolate
the coils from the Si substrate (5 {2 — cm; Fig. 1.). The Si
underneath was locally removed from the backside with deep
reactive ion etching to suspend the coils (Fig. 1). Reference
inductors on bulk-Si were fabricated on the same wafer. Re-
sults for a three-turn 5-nH inductor (diameter = 500 pm,
metal width = 25.3 pm, metal spacing = 5.8 um,
underpass width = 32 pm, with 32 3 % 3 um via contacts)
is presented as an example. The other inductors show similar
effects.

III. RESULTS AND DISCUSSION

The inductance L and quality factor () of the coils were ex-
tracted from small-signal S-parameter measurements carried out
on a HP8510C network analyzer at 410 dBm power level. In
order to emulate the effect of the mentioned high power levels
in RF circuits (both RF and dc), a dc bias current was fed through
the coils. The measurements were repeated several times on the
same structure in order to ensure reproducibility and to rule out
any permanent damage during operation.

Fig. 2(a) shows the ’s of the suspended and reference 5-nH
inductors as a function of frequency for different bias currents
(0 to 100 mA in 20-mA steps). Increasing the dc bias clearly
reduces the peak value of Q(Qmax) and the slope of the curves
below the frequency of Qmax(f(Qmax)). At a bias current of
100 mA, a drop of Q) ax as high as ~18% was observed. Since
at frequencies much below f(Qmax) the Q depends largely on
the dc series resistance (Rgq.) of the coil, i.e., Q@ = wL/Rqc,
and L changes less than 1% [Fig. 2(b)], it can be concluded that
the thermal effect on R4, is mainly responsible for the decay
of ). Clearly, the dc power dissipated in the metal windings
of the inductor raises the temperature, leading to an increase in
metal resistivity. No such effect was observed for the reference
inductors, in which an efficient heat transfer to the Si substrate
can take place.

Table I lists the measured Q.. and Rq. values at different dc
bias levels for the suspended inductor. The experimental value
of Rg4. can be used to estimate the dc power dissipation Py, =
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Fig. 2. Measured (a) quality factor (Q) and (b) inductance (L) versus
frequency of suspended and bulk reference inductors at a dc current raised from
0 to 100 mA in 20 mA steps (Arrows; Table I). The @ of the reference case
in (a) does not change for different dc currents, leading to overlapping curves.
Ansoft HFSS simulation results of the suspended coil for O and 100 mA are
included, as well as that of the reference structure (markers). Good agreement
between the simulation and experimental results is observed.

TABLE 1
MEASURED DC RESISTANCE AND Qnmx VALUES FOR GIVEN CURRENT STEPS
I (mA) 0 20 40 60 80 100
Ppc (mW) 0 12 48 113 212  36.5
1/Rpe 0340 0339 0333 0319 0302 0274
Al/Rpc (%) 039 205 622 1129 19.49
Temp (°C) 20 207 247 352 49.2 76
Qumax 18.65 18.54 18.14 1746 16.56 15.34
AQuax(%) 0.61 275 683 1122 17.77

I’ R4, in the coil. It was not possible in our laboratory, how-
ever, to directly measure the temperature and its variation across
the surface of the spiral, which is important for investigating the
heat dissipation mechanism in the structure. The thermal proper-
ties of the structure were therefore determined by using the sim-
ulation tool ePhysics of Ansoft Corporation, including thermal
conduction through metal, Si, and air, as well as convection. A
distributed resistive heat source was assigned to the spiral coil
with a power equal to the dc power Pg.. The results obtained for
the temperature distribution over the spiral structure are shown
in Fig. 3. While away from the metal pads the temperature of
the spiral is found to be elevated to nearly 100 °C, it is almost
at room temperature (20 °C) near the pads. This leads to the
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Fig. 3. Temperature distribution of the spiral simulated by Ansoft ePhysics.
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Fig. 4. Transient measurement and simulation of the dc resistance. Also a
curve fitting to the measurement is shown.

conclusion that contact pads/lines and the underlying Si effec-
tively act as a heat sink and that heat conduction and convec-
tion through air has a comparably small effect. This conclusion
is in reasonable agreement with the average coil temperature
calculated from the change in coil resistance with temperature
[Table I: 76 °C calculated average versus 94 °C simulated peak
Temperature: (Fig. 3) at 100 mA, i.e., 36.5 mW].

The time to reach this temperature is critical, since most
power circuits are switched on for short times to save power. If
the switch-on period is of the order of the thermal time constant
of the coil structure, the ) will be changing throughout the duty
cycle of the circuit. To clarify this point, we have extracted the
thermal time constant of the coil by monitoring Rg4. over time
after applying a fast voltage pulse. In spite of the measurement
noise, a clear trend is visible (Fig. 4). For comparison, the re-
sults of a transient thermal simulation using ePhysics are shown
as well. Exponential curve fitting applied to the oscilloscope
trace yields a time constant of ~10 ms. This is comparable to
the operating time of switched power circuits, indicating the
significance of this observation. Therefore, self-heating effects
on () can affect the operating point of RF power circuits that
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include thermally isolated inductors, such as the matching
section of a power amplifier where matching will be distorted
in time leading to output power fluctuations.

IV. CONCLUSION

We have shown that micromachined inductors suffer from
significant self-heating effects. Self-heating occurs fast enough
to influence RF circuits that are operated in pulse mode by
changing the @) of a thermally isolated inductor. Hence, when
high RF or dc power levels are involved, measures have to be
taken to facilitate the transfer of heat away from the coil. A
possible solution is the use of very thick metal for reduced
thermal resistance of the coil or the consideration of inductors
built on low-loss, yet thermally well conducting, substrates
such as high resistivity silicon [10].
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