SECTION 7-5

Thermal Considerations
Walt Jung

For reliability reasons, op amp systems handling appreciable power are increasingly called upon to observe
thermal management. All semiconductors have some specified safe upper limit for junction temperature
(T)), usually on the order of 150°C (sometimes 175°C). Like maximum power supply voltages, maximum
junction temperature is a worst-case limitation which shouldn’t be exceeded. In conservative designs, it
won’t be approached by less than an ample safety margin. Note that this is critical, since semiconductor
lifetime is inversely related to operating junction temperature. Simply put, the cooler op amps are, the more
they can approach their maximum life.

This limitation of power and temperature is basic, and is illustrated by a typical data sheet statement as in
Figure 7-89. In this case it is for the AD8017AR, an 8-pin SOIC device.

The maximum power that can be safely dissipated by the AD8017 is limited
by the associated rise in junction temperature. The maximum safe junction
temperature for plastic encapsulated device is determined by the glass transi-
tion temperature of the plastic, approximately +150°C. Temporarily exceeding
this limit may cause a shift in parametric performance due to a change in the
stresses exerted on the die by the package. Exceeding a junction temperature
of +175°C for an extended period can result in device failure.

Figure 7-89: Maximum power dissipation data sheet statement for
the AD8017AR, an ADI thermally-enhanced SOIC packaged device

The maximum power that can be safely dissipated by the AD8017 is limited by the associated rise in junc-
tion temperature. The maximum safe junction temperature for plastic encapsulated device is determined by
the glass transition temperature of the plastic, approximately 150°C. Temporarily exceeding this limit may
cause a shift in parametric performance due to a change in the stresses exerted on the die by the package.
Exceeding a junction temperature of +175°C for an extended period can result in device failure.

Tied to these statements are certain conditions of operation, such as the power dissipated by the device, and
the package mounting specifics to the printed circuit board (PCB). In the case of the AD8017AR, the part
is rated for 1.3 W of power at an ambient of 25°C. This assumes operation of the 8-lead SOIC package on a
two-layer PCB with about 4 inches? (~2500 mm?) of 2 oz. copper for heat sinking purposes. Predicting safe
operation for the device under other conditions is covered next.

Thermal Basics

The symbol 0 is generally used to denote thermal resistance. Thermal resistance is in units of °C/watt
(°C/W). Unless otherwise specified, it defines the resistance heat encounters transferring from a hot IC
junction to the ambient air. It might also be expressed more specifically as 0,,, for thermal resistance,
Jjunction-to-ambient. 0, and 0, are two additional 8 forms used. Following is a further explanation.
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In general, a device with a thermal resistance 6 equal to 100°C/W will exhibit a temperature differential

of 100°C for a power dissipation of 1 W, as measured between two reference points. Note that this is a
linear relationship, so 1 W of dissipation in this part will produce a 100°C differential (and so on, for other
powers). For the AD8017AR example, 6 is about 95°C/W, so 1.3 W of dissipation produces about a 124°C
junction-to-ambient temperature differential. It is of course this rise in temperature that is used to predict
the internal temperature, in order to judge the thermal reliability of a design. With the ambient at 25°C, this
allows an internal junction temperature of about 150°C. In practice, most ambient temperatures are above
25°C, so less power can then be handled.

For any power dissipation P (in watts), one can calculate the effective temperature differential (AT) in °C as:
AT =Px0 Eq. 7-6
where 0 is the total applicable thermal resistance.

Figure 7-90 summarizes a number of basic thermal relationships.

e 0 =Thermal Resistance (°C/W)

e P =Total Device Power Dissipation (W) Ta
e T =Temperature (°C)
e AT = Temperature Differential = P x 0 Oca
e 0, =Junction-Ambient Thermal Resistance Te
e 0, =Junction-Case Thermal Resistance
e 0, = Case-Ambient Thermal Resistance 8c
® 0 =0,c+0cs -
J

e T =Ta+(Px0y)
* Note: Tyuax = 150°C (Sometimes 175°C)

Figure 7-90: Basic thermal relationships

Note that series thermal resistances, such as the two shown in Figure 7-91, model the total thermal resis-
tance path a device may see. Therefore the total 0 for calculation purposes is the sum, i.e., 8,, = 0, and
Oc4. Given the ambient temperature T,, P, and 0, then T, can be calculated. As the relationships signify, to
maintain a low T, either 0 or the power being dissipated (or both) must be kept low. A low AT is the key to
extending semiconductor lifetimes, as it leads to lower maximum junction temperatures.

In ICs, one temperature reference point is always the device junction, taken to mean the hottest spot inside
the chip operating within a given package. The other relevant reference point will be either T, the case of
the device, or T,, that of the surrounding air. This leads in turn to the above-mentioned individual thermal
resistances, 0, and 0,,.

Taking the simplest case first, 0,, is the thermal resistance of a given device measured between its junction
and the ambient air. This thermal resistance is most often used with small, relatively low power ICs such as
op amps, which often dissipate 1 W or less. Generally, 6,, figures typical of op amps and other small devices
are on the order of 90°C/W-100°C/W for a plastic 8-pin DIP package, as well as the better SOIC packages.

It should be clearly understood that these thermal resistances are highly package-dependent, as different
materials have different degrees of thermal conductivity. As a general rule of thumb, thermal resistance of
conductors is analogous to electrical resistances, that is, copper is the best, followed by aluminum, steel,
and so on. Thus copper lead frame packages offer the highest performance, i.e., the lowest 0.
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Figure 7-91: Thermal rating curves for AD8017AR op amp

Heat Sinking

By definition, a heat sink is an added low thermal resistance device attached to an IC to aid heat removal.
A heat sink has additional thermal resistance of its own, 0,, rated in °C/W. However, most current op amp
packages don’t easily lend themselves to heat sink attachment (exceptions are older TO99 metal can types).
Devices meant for heat sink attachment will often be noted by a 0, dramatically lower than the 6,,. In this
case 0 will be composed of more than one component. Thermal impedances add, making a net calculation
relatively simple. For example, to compute a net 6,, given a relevant 0., the thermal resistance of the heat
sink, O, or case to ambient is added to the 0, as:

0, =0)c +0c, Eq.7-7
and the result is the 6, for that specific circumstance.

More generally however, modern op amps don’t use commercially available heat sinks. Instead, when sig-
nificant power needs to be dissipated, such as 21 W, low thermal resistance copper PCB traces are used as
the heat sink. In such cases, the most useful form of manufacturer data for this heat sinking are the bound-
ary conditions of a sample PCB layout, and the resulting 6,, for those conditions. This is, in fact, the type
of specific information supplied for the AD8017AR, as mentioned earlier. Applying this approach, example
data illustrating thermal relationships for such conditions is shown by Figure 7-91. These data apply for an
ADS8017AR mounted to a heat sink with an area of about 4 square inches on a 2-layer, 2-ounce copper PCB.

These curves indicate the maximum power dissipation versus temperature characteristic for the AD8017,
for maximum junction temperatures of both 150°C and 125°C. Such curves are often referred to as derat-
ing curves, since allowable power decreases with ambient temperature.

With the AD8017AR, the proprietary ADI Thermal Coastline 1C package is used, which allows additional
power to be dissipated with no increase in the SO-8 package size. For a Ty,,, of 150°C, the upper curve
shows the allowable power in this package, which is 1.3 W at an ambient of 25°C. If a more conservative
Ty Of 125°C is used, the lower of the two curves applies.
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A performance comparison for an 8-pin standard SOIC and the ADI Thermal Coastline version is shown in
Figure 7-92. Note that the Thermal Coastline provides an allowable dissipation at 25°C of 1.3 W, whereas
a standard package allows only 0.8 W. In the Thermal Coastline heat transferal is increased, accounting for
the package’s lower 6,,.
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Figure 7-92: Thermal rating curves for standard (lower)
and ADI Thermal Coastline (upper) 8-pin SOIC packages

Even higher power dissipation is possible, with the use of IC packages better able to transfer heat from chip
to PCB. An example is the AD8016 device, available with two package options rated for 5.5 W and 3.5 W
at 25°C, respectively, as shown in Figure 7-93.

10 INCHES? OF 1 OZ. COPPER

PSOP3 (ARP)

BATWING (ARB)

Figure 7-93: Thermal characteristic curves for the
AD8016 BATWING (lower) and PSOP3 (upper)
packages, for TJ(max) equal to 125°C

Taking the higher rated power option, the AD8O16ARP PSOP3 package, when used with a 10-inch? 1 oz.
heat sink plane, the combination is able to handle up to 3 W of power at an ambient of 70°C, as noted by
the upper curve. This corresponds to a 6,, of 18°C/W, which in this case applies for a maximum junction
temperature of 125°C.
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The reason the PSOP3 version of the AD8016 is better able to handle power lies with the use of a large
area copper slug. Internally, the IC die rest directly on this slug, with the bottom surface exposed as shown
in Figure 7-94. The intent is that this surface be soldered directly to a copper plane of the PCB, thereby
extending the heat sinking.

Figure 7-94: Bottom view of AD8016 20-lead PSOP3
package showing copper slug for aid in heat transfer
(central gray area)

Both of AD8016 package options are characterized for both still and moving air, but the thermal informa-
tion given above applies without the use of directed airflow. Therefore, adding additional airflow lowers
thermal resistance further (see Reference 2).

For reliable, low thermal resistance designs with op amps, several design Do’s and Don’ts are listed below.
Consider all of these points, as may be practical.

1)

2)

3)
4)

5)

6)
7)

8)
9)

Do use as large an area of copper as possible for a PCB heat sink, up to the point of
diminishing returns.

In conjunction with 1), do use multiple (outside) PCB layers, connected together with
multiple vias.

Do use as heavy copper as is practical (2 oz. or more preferred).

Do provide sufficient natural ventilation inlets and outlets within the system, to allow heat to
[freely move away from hot PCB surfaces.

Do orient power-dissipating PCB planes vertically, for convection-aided airflow across heat
sink areas.

Do consider the use of external power buffer stages, for precision op amp applications.

Do consider the use of forced air, for situations where several watts must be dissipated in a
confined space.

Don’t use solder mask planes over heat dissipating traces.

Don’t use excessive supply voltages on ICs delivering power.
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For the most part, these points are obvious. However, one that could use some elaboration is number 9.
Whenever an application requires only modest voltage swings (such as for example standard video, 2 V p-p)
a wide supply voltage range can often be used. But, as the data of Figure 7-95 indicates, operation of an op
amp driver on higher supply voltages produces a large IC dissipation, even though the load power is constant.
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Figure 7-95: Power dissipated in video op amp driver for
various supply voltages with low voltage output swing

In such cases, as long as the distortion performance of the application doesn’t suffer, it can be advantageous
to operate the IC on lower supplies, say +5 V, as opposed to +15 V. The above example data was calculated
on a dc basis, which will generally tax the driver more in terms of power than a sine wave or a noise-like
waveform, such as a DMT signal (see Reference 2). The general principles still hold for these ac wave-
forms, i.e., the op amp power dissipation is high when load current is high and the voltage low.

While there is ample opportunity for high power handling with the thermally enhanced packages described
above for the AD8016 and AD8107, the increasingly popular smaller IC packages actually move in an op-
posite direction. Without question, it is true that today’s smaller packages do noticeably sacrifice thermal
performance. But, it must be understood that this is done in the interest of realizing a smaller size for the
packaged op amp, and, ultimately, a much greater final PCB density for the overall system.

These points are illustrated by the thermal ratings for the AD8057 and AD8058 family of single and dual op
amp devices, as is shown in Figure 7-96. The AD8057 and AD8058 op amps are available in three different
packages. These are the SOT-23-5, and the 8-pin uSOIC, along with standard SOIC.

As the data shows, as the package size becomes smaller and smaller, much less power is capable of be-
ing removed. Since the lead frame is the only heatsinking possible with such tiny packages, their thermal
performance is thus reduced. The 6,, for the packages mentioned is 240°C/W, 200°C/W, and 160°C/W,
respectively. Note this is more of a package than device limitation. Other ICs with the same packages have
similar characteristics.

These discussions on the thermal application issues of op amps haven’t dealt with the classic techniques
of using clip-on (or bolt-on) type heat sinks. They also have not addressed the use of forced air cooling,
generally considered only when tens of watts must be handled. These omissions are mainly because these
approaches are seldom possible or practical with today’s op amp packages.
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Figure 7-96: Comparative thermal performance for
several AD8057/58 op amp package options

The more general discussions within References 4-7 can be consulted for this and other supplementary
information.
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