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Abstract

Measurement results of resistance variations in thin
film polycrystalline heating elements for thermally
1solated microhotplate applications are presented for
DC and AC conditions and different stress levels.
The resistance variations observed were due solely
to thermal effects arising from current-induced self-
heating resulting in grain growth (recrystallization) of
the polysilicon. Although the operaling currents were
low (I~ 1.5mA, ] ~ 10%A/cm?), catastrophic failure
of the microhotplate was observed and this was due
to microstructure damage caused by ezcessively high
tempfiratures. No electromigration effects were ob-
served.

1 Introduction

Polycrystalline silicon is widely used not only in the
integrated circuit (IC) technology, but also in thermal-
based microsensing applications where it serves as
a heating or sensing element. Although the depo-
sition conditions and hence, the material character-
istics may be identical in both categories of appli-
cations, the long term reliability issues, in the two
cases, can turn out to be significantly different in view
of differences in device operation. In VLSI and re-
lated applications, variations in resistance leading to
failure can be attributed to electromigration arising
from very large current densities (~ 10% A/cm?) (see
(1, 2]). In thermal-based microsensors and related ap-
plications, the high thermal isolation with microma-
chining can result in high resistor temperatures even
at low current densities (~ 10° A/cm?), leading to
significant resistance drifts (see (3, 4]).

In general, the reliability of polysilicon is governed
by the electrical current density in the material and
the temperature, although the latter is a function of
the electrical current itself by virtue of Joule heat-
ing [1]. At relatively lower currents, the self heating
of the film results in movement of grain boundaries
giving rise to grain growth (recrystallization) in re-
gions where the local temperature exceeds some crit-
1cal value [5]. This leads to a decrease in the resis-
tance of the thin film. At higher currents and with
extended operation, the temperatures become signif-
icant and an increase in resistance can be observed
due to thermally-induced motion (electromigration)
of impurities. This gives rise to local depletion of im-
purities thus significantly increasing material resistiv-
ity and eventually leading to catastrophic failure [1].
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In this paper, we present measurement results of poly-
silicon resistance variations for different stress levels
and under DC and AC conditions. The measure-
ments were performed for microhotplate test struc-
tures comprising of two meandering resistors with one
acting as control. In particular, two hot plate configu-
rations were considered; structures with and without
metallization over the active area.

2 Experimental Setup

A photomicrograph of the microhotplate test struc-
ture used in the experiments is shown in Fig. 1la
along with its schematic in Fig. 1b. The device was
fabricated using the Northern %‘elecom 1.2um CMOS
process. Two symmetrical polysilicon resistors, sand-
wiched in oxide, with a nominal room temperature
resistance of 29.9 k{2, meander in parallel over the hot
plate as shown in Fig 1b. The resistors, denoted as Ry,
(heater) and R, (control), have a 1.2 ym line width
and a process specified sheet resistance of 30 /0.
The sheet resistance was found to have a scatter of

Fig. 1la - SEM of microhotplate structure used for
reliability studies.

Fig. 1b - Schematic of microhotplate test structure
with cut-away view showing Ry and R, (see text).
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less than 0.5 % over all samples tested. Power is sup-
plied to the hot plate through metal lines along the
support beams. The structure is underetched (micro-
machined) using EDP to a depth of approximately
80 pm providing a high degree of thermal isolation
from the silicon substrate. The active hot plate area
(the area comprising the polysilicon resistors) is ap-
proximately 87pum x 71pm.

Two variations of the design are examined, one in
which the active hot plate area is covered with two
layers of metal (metall and metal2 in the CMOS pro-
cess), and the other where the active area is non-
metallized. Figures 2a and 2b are surface plots ob-
tained from simulations of the hot plate temperature
distribution under medium bias, with and without the
temperature levelling metal layers. In these simula-
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Fig. 2a - Surface temperature of hot plate under a
medium bias with metallized active area.
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Fig. 2b - Surface temperature of hot plate under a
medium bias without the metallized active area.

tions the ends of the support beams attached to the
substrate were assumed equal to the substrate tem-
perature (23°C). The additional metal layers lower
the net thermal conductivity of the hot plate rela-
tive to the support beams resulting in a significantly
more uniform temperature distribution over the ac-
tive area. Without these layers, large temperature
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gradients result near the two corners of the hot plate
attached to the support beams as seen in Fig. 2b. As
a consequence, a hot plate operated at the same aver-
age temperature with metallization layers, will have
less severe hot spot temperatures than one operated
without.

The normal operation of the test structure involves
applying a high bias to Ry to heat the plate, and si-
multaneously a low bias to R.. In this way, any elec-
trically induced variations in Ry hve minimal influ-
ence on R, whose resistance changes are purely ther-
mally induced. The tight thermal coupling obtained
from the close spacing (approximately 1.6 pm) of the
two resistors, in addition to the minimal heat loss
above and below the structure, ensures that Ry and
R. are at almost the same temperature along their
entire length. In addition to Ry and R, a third re-
sistor located (on the substrate) in close proximity
to the hot plate is used to monitor the elevation of
the substrate temperature during electrical stressing.
For all experiments described in the next section, it
was found that the substrate did not increase in tem-
perature by more than 3°C. This validates the earlier
assumption that the ends of the support beams at the
substrate can be considered to be at room tempera-
ture; this constitutes data crucial for the boundary
conditions in the numerical simulations.

All current-voltage measurements were performed at
room temperature using the Kelthley 236 Source Mea-
sure Units %SMU s). The SMU’s can be configured to
sweep a voltage or current source at precisely timed
intervals, while simultaneously measuring the corre-
sponding current or voltage. A microcomputer was
used to control and retrieve data from the SMU'’s
for the reliability studies. The resistance was con-
stantly monitored and any changes exceeding 0.5%
were recorded. In addition to the current-voltage
characterisation, the temperature coefficient, a of all
resistors was measured before and after stressing. The
temperature coefficient, defined by R = Ro(1 + oT)
where Ry is the res1stance at 0°C, was found to be
5.87 x 107#/°C in the range 0°C to 120°C. The mea-
surements were performed in an oven capable of con-
trolling the chip temperature to within 0.5°C. The
temperature was measured using a thermocouple at-
tached to the chip carrier. A low bias of 35 pA was
used for the resistance measurement in order to min-
imise Joule heating. It was found that this bias raised
the temperature of the resistor by less than 3°C. A
total of 8 samples were measured with the scatter in
a being less than 1%.

3 Measurements and Discussion

The current voltage characteristics of the resistor Ry,
of both the metallized and non-metallized hot plate
structures are shown in Fig. 3. The characteris-
tics were obtained by stepping the current through
the sample with a hold time of 5 ms at each bias
point. At relatively low bias, one can observe that
the resistance increases with increasing voltage for
both structures due to the positive temperature co-
efficient of the polysilicon. The heater resistances in
both structures are initially similar in behaviour and
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Fig. 3 - Current-voltage characteristics of heating
resistor, Ry; solid line indicates structure with metal
layers over active area, dashed line denotes structure
without metal layers.
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the effects of nonuniform temperature start prevailing
at I > 0.5 mA. The resistance of the metallized hot
plate is lower in view of its lower peak temperatures;
without the metallization, very high peak E)cal tem-
peratures (hot spots) are reached. In addition, there
1s more heat loss with the metallized structure occur-
riniprimarily through the supporting beams. At very
high voltages, we note that the heater exhibits neg-
ative differential resistance (Fig. 3), similar to what
was observed in [6, 7]. The increase in temperature
at increasing currents leads to significant reduction
in the grain boundary barrier potential possibly lead-
ing to formation of narrow filaments of molten silicon
creating low resistivity paths for current flow.

The resistance of the heater and control resistors for
both structures is shown in Fig. 4. We note a distinct
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Fig. 4 - The resistance as a function of current for
the same conditions as in Fig. 3. Resistors Ry and
R. aire indicated by the solid and dashed lines, respec-
tively.
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kink where after the resistance decreases sharply. Un-
der these bias conditions, the temperature of the hot
plate is much in excess of 800°C. At these temper-
atures, there is movement of grain boundaries lead-
in% to grain growth or recrystallization [15, 8]. The
subsequent increase in grain size leads to lower resis-
tivity of the thin polycrystalline film. As expected,
the recrystallization points occurs at higher voltages
(currents) for the structure with metallization; more
of the device active (resistor) area is at an isothermal
state with a lower average temperature. One also
observes a second kink after which we see a sharp
decrease in the resistance. The reasons for this are
not very clear but we suspect that this may be due to
secondary recrystallization which takes place at much
higher temperatures [5]. We also note that the con-
trol and heater resistances become increasingly more
distinct as the bias current increases. This can possi-
bly be attributed to thermally-induced variations af-
ter all, despite the close proximity of heater and the
control, there are differences in temperature at the
two locations.

So far, all electrical stressing of samples were based
on variable but direct current éDC conditions. Ex-
periments were also performed for single bias DC and
AC conditions to deduce the possible effects of electric
fields. For the AC case, the polarity of the applied
bias was switched at a frequency of 25 mHz. The
measured resistances of heater and control in both
microhotplate structures are shown in Fig. 5 as a
function of stress times. The heater and control volt-
ages were maintained at 35 V and 1.5 V, respectively.
In these structures, the effect of heating is expected
to be similar as before. No difference in the relative
change in resistance (AR/Ry) was observed between
heater and the control for both structures. Here, Ry
is the respective resistance of the heater and the con-
trol, measured 1 s after the bias is applied, and AR
is the deviation from Rg. This indicates that the re-
sistance variation observed is purely due to thermal
effects. A direct comparison of room temperature re-
sistance values at the start and end of a 48 hour DC
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Fig. 5 - Percentage change in heater and control re-
sistances as a function of time for a constant voltage
bias. The solid and dashed lines represent DC and

AC stressing, respectively (see text).



and AC stress test is shown in Tables 1a and 1b. Also
included are the values of the temperature coefficient,
a. No significant differences were observed between
the two operating conditions. The slight discrepancy
in the variation in R and o may be due to intrinsic
differences in the pre-test resistance and hence, in the
self-heating.

Ry R. Qh Qs
start | 29764 | 29968 | 0.585 | 0.584
end | 35186 | 34660 | 0.513 | 0.585
A% |182%(15.7% | -12.3% | -17.0%

Table 1a - Heater and control resistances, and corre-
sponding temperature coefficients, measured at room
temperature at the start and end of a constant DC
voltage stress test.

Ry R, ay Qs
start| 29868 | 30055 | 0.591 | 0.594
end | 34871 | 34544 | 0.549 | 0.533
A% |[16.8 % |14.9% |-7.1% | -10.3%

Table 1b - As in Table 1a, but for AC voltage stress
test.

None of the structures tested exhibited electromigra-
tion for the given range of test conditions. Unlike
non-thermally isolated structures, the current densi-
ties in the structures considered had to be restricted
(J =~ 10°A/cm?) due to excessive temperature build
up as a result of thermal isolation. Electromigration,
which is characterised by resistance increase, is caused
by local depletion of impurities thus significantly in-
creasing material resistivity and eventually leading to
catastrophic failure. In our structures, catastrophic
failure was observed only when the temperature of
the active device area became high enough leading
to damage of the microstructure due to mismatch
in expansion coefficients and thermal melt down. In
the structure with metallization, the damage occurred
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Fig. 6 - Isotherms of hot plate without metal layers
under high bias. Dashed line indicates the region of
catastrophic failure of polysilicon (see text).
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clearly within the region indicated by dashes in the
isothermal plot (Fig. 6). For all intents and purposes,
this region 1s an isothermal surface at a temperature
in excess of 900 °C. The contour lines shown are based
on simulation results and the slight asymmetry is due
to asymmetries in device and resistor geometry.

4 Conclusions

We have presented measurement results of resis-
tance drifts in polysilicon heating elements in ther-
mally isolated microhotplates. Based on measure-
ment data obtained for long stress durations, we find
that safe and reliable operation, with plate temper-
atures around 350°C, is possible with metallization
over the active hot plate area. At this temperature,
the variation in heater resistance was found to be less
than 1% over 100 hours of operation.
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