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Scope
This report discusses the performance of three operational amplifiers (op-amp) under extreme temperatures and thermal cycling.  The three operational amplifiers investigated comprised of Analog Devices OP15EZ, Texas Instruments OPA743PA, and National Semiconductor LMC6482AIN.  The OP15EZ is a precision JFET-Input amplifier that offers superior performance over many dielectrically-isolated and hybrid operational amplifiers. It features excellent combination of high speed, low input offset voltage, and low power dissipation [1].  The OPA743PA is a CMOS, rail-to-rail input/output (I/O) operational amplifier which utilizes a state of the art 12V analog CMOS process and offers outstanding AC performance of high gain-bandwidth product (GBP), fast slew rate and low total harmonic distortion (THD) [2].  The LMC6482AIN is a CMOS dual rail-to-rail input and output operational amplifier.  It features low common-mode-rejection ratio (CMRR), ultra low input current, and high voltage gain.  Such features have made this op-amp useful in a number of applications such as data acquisition systems, transducer amplifiers, battery-operated systems and active filters [3]. The manufacturer’s specified properties of each of the three operational amplifiers are shown in Table I.
Table I: Manufacturer’s specifications of amplifiers [1-3].

	Parameter
	Symbol
	LMC6482AIN
	OPA743PA
	OP15EZ

	Input Bias Current (PA)
	IB
	4 - 10 
	1 - 10 
	18 - 110 

	Input Voltage (V)
	VI
	0 - 2
	+6
	+20

	Input Resistance (
	RI
	> 1012
	4x109
	1012 

	Offset Voltage (mV)
	Vos
	0.11 - 1.35
	+1.5 - +7
	+0.2 - +0.5

	Slew Rate (V/s)
	SR
	0.9
	10
	10 - 13 

	Settling Time (μs)
	τs
	
	9 - 15
	1.2 - 4.5 

	Gain Bandwidth Product (MHz)
	GBP
	1.5
	7
	4 - 6  

	Common-Mode Rejection Ratio (dB)
	CMRR
	67 - 82
	66 - 84
	86 - 100

	Operating Temperature (oC)
	T
	-40 - + 85
	-55 - +125
	0 - +70 

	Package
	
	DIP-8
	DIP-8
	CERDIP,Q-8

	Lot Number
	
	LD-1068
	LM-5331
	LS-547


Experimental Test Setup

Circuit boards, populated with the operational amplifiers and a few passive components, were designed and constructed in an inverting amplifier configuration. Each individual circuit board containing one of the op-amp chips was evaluated in the temperature range of +125 (C to ‑195(C.  Two devices of each of these industrial-grade op-amps were evaluated for electrical performance and packaging durability.  The amplifier’s gain and signal waveforms were measured as a function of temperature in the frequency range of 1 kHz to 10 MHz.  At each test temperature, the devices were allowed to soak for 15 minutes before any measurements were made.  A LeCroy digital oscilloscope (Model LT374) was used to capture the waveforms of the input and output signals of the inverting amplifier.
Thermal cycling was also performed on the three op-amps.  These tests consisted of subjecting the devices to 10 thermal cycles in the temperature range between +100 °C and -195 °C with a ramp rate of 36oC/min.  The temperature profile used to perform these 10 thermal cycling is shown in Figure 1.  Electrical characterization and physical inspection were performed on the devices before and after the thermal cycling.
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Figure 1: Profile of thermal cycling.
Experimental Results and Discussion

As was mentioned earlier, two devices (referred to as d1 and d2) of each operational amplifier were investigated in this work.  The data obtained on devices of the same type were very similar; therefore, the results of only one device are presented in this report.  The gain of each op-amp was measured at various test temperatures before and after the thermal cycling in the frequency range of 1 kHz to 10 MHz. Waveforms of the input and the output signals of each device were also captured at various temperatures and at frequencies of 1 kHz, 100 kHz, 300 kHz and 500 kHz.  The waveforms were obtained before as well as after the thermal cycling.
Figure 2(a) shows the gain versus frequency of the LMC6482AIN amplifier at the test temperatures of 125oC, 25 oC, -100 oC, -150 oC, and –195 (C.  At 25 (C, the roll-off frequency, which corresponds to a gain of –3 dB, occurs at about 350 kHz.  It can be seen that while the gain remains largely unaffected with increase in temperature to +125 (C, it changes significantly as the temperature is decreased.  This is evident from the gradual drop in the roll-off frequency as the test temperature is decreased below room temperature.  This change, however, occurs at high frequencies.  At –195 (C, for example, the roll-off frequency occurs at about 70 kHz.  Figures 2(b), 2(c) and 2(d) compare the gain of the amplifier for pre- and post-cycling conditions at temperatures of 100oC, 25 oC, and -195 oC, respectively.  Except for a very minor change in gain at 100 oC at the extreme high frequencies (> 2 MHz), the results indicate that the device was not affected by thermal cycling.  Both devices of this type of amplifier exhibited similar results. 

Similar to the LMC6482AIN, the gain of the OPA743PA changes as temperature is decreased below room temperature.  These changes, which again are reflected by a decrease in the roll-off frequency, are not, however, as severe as those experienced by its LMC6482AIN counterpart.  This effect of temperature on the gain of this device is illustrated in Figure 3(a).  Thermal cycling of the OPA743PA devices seems to affect their gain at very high frequencies regardless of the test temperature.  This change is, however, more profound at -195 oC.  The results pertaining to the gain versus frequency before and after thermal cycling are shown in Figures 3(b), 3(c), and 3(d) at the test temperatures of +100 oC, +25 oC and -195 oC, respectively.   Both devices of this op-amp gave the same results.

Figure 4(a) shows the gain of the OP15EZ op-amp as a function of frequency at various test temperatures.  Unlike the LMC6482AIN and OPA743PA devices, this op-amp seems to undergo significant change in its gain with decrease in temperature.  It is important to point out that considerable change in the output of this op-amp occurs at temperatures as low as -155 oC.  In addition, the output waveform becomes congested with noise at -195 °C.  The data exhibited in Figure 4(b)-4(d), reflects the effects of cycling on this device.  It can be seen that most of the cycling-induced changes occur at the cryogenic temperatures of -155 oC to -195 oC.  Both devices of this type of op-amp displayed same behavior with temperature.

Waveforms of the output signal of each of the amplifiers tested were recorded  at 1 kHz, 100 kHz, 300 kHz, and 500 kHz frequencies at various temperatures.  These measurements were performed for pre- and post- cycling conditions.  No significant change in the output signal of any of these amplifiers was observed at test frequencies at 1 kHz and 100 kHz.  Therefore, data pertaining to the frequencies of 300 kHz and 500 kHz are only reported.

Figures 5 and 6 depict the waveforms for the LMC6482AIN at 300 kHz and 500 kHz, respectively.  While Figures 5(a) and 6(a) show the pre-cycling waveforms at temperatures of 100 oC, 25 oC and -195 oC, Figures 5(b) and 6(b) show the post-cycling waveforms at the same temperatures. It can be clearly noted that the output waveform of this amplifier, obtained at a given test temperature and frequency, did not experience any change, in either shape or amplitude, due to cycling.  It can be concluded, therefore, that any induced changes in the characteristics of the amplifiers due to extreme temperature exposure and/or high frequency operation are transitory in nature, since exact operational characteristics are obtained before and after the cycling activity.  

Pre- and post-cycling Waveforms of the input and the output signals of the OPA743PA amplifier at temperatures of 100 oC, 25 oC and -195 oC obtained at 300 kHz and 500 kHz are shown in Figures 7 and 8.  It can be clearly seen that while minimum change occurs in the output of this amplifier at 100 oC and 25 °C, significant distortion takes place at -195 °C, specifically at 500 kHz.  In addition to waveform distortion at this high frequency, the amplifier exhibits a loss in gain as well as a noticeable shift in phase.  

Although the OP15EZ sustained good operation only to low temperatures of about -155 °C, as was stated earlier, the thermal cycling has not had any effect on its operation between 100 °C and -155 °C at any of the teat frequency.  Figures 9 and 10 show the pre- and post-cycling output signals of this amplifier at 300 kHz and 500 kHz, respectively.  The waveforms depicted in these figures are for temperatures of 100 oC, 25 oC, and -195 oC.  It is important to note that even with the instability exhibited by the amplifier’s output due to exposure to temperatures below -155 °C,  Similar output patterns were obtained at -195 °C prior to and after the thermal cycling, at all test frequencies.
Physical inspection performed on all tested devices revealed no packaging or other type of damage due to exposure to extreme temperatures or thermal cycling.
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(a) Pre-cycling




(b) Pre- and post-cycling
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 (c) Pre- and post-cycling



(d) Pre- and post-cycling

Figure 2: Pre- and post-cycling characteristics of gain versus frequency of LMC6482AIN
at various temperatures.
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 (a) Pre-cycling




(b) Pre- and post-cycling
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(c) Pre- and post-cycling



(d) Pre- and post-cycling

Figure 3: Pre- and post-cycling characteristics of gain versus frequency of OP743PA 

at various temperatures.
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 (b) Pre- and post-cycling
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 (d) Pre- and post-cycling

Fig. 4: Pre- and post-cycling characteristics of gain versus frequency of the OP15EZ
 at various temperatures.
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(a) Pre-cycling
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 (b) Post-cycling

Fig. 5: Output signal of the LMC6482AIN at 300 kHz at various temperatures.
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(a) Pre-cycling
`
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(b) Post-cycling

Figure 6:  Output signal of the LMC6482AIN at 500 kHz at various temperatures.
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(a) Pre-cycling
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(b) Post-cycling

Figure 7:  Input and output signals of the OPA743PA at 300 kHz at various temperatures.
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(a) Pre-cycling
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(b) Post-cycling
Figure 8:  Input and output signals of the OPA743PA at 500 kHz at various temperatures.
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(a) Pre-cycling
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(b) Post-cycling
Figure 9:  Output signal of the OP15EZ at 300 kHz at various temperatures.
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(a) Pre-cycling
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(b) Post-cycling
Figure 10:  Output signal of the OP15EZ at 500 kHz at various temperatures.
Conclusions
Industrial-grade devices of Analog Devices OP15EZ, Texas Instruments OPA743PA, and National Semiconductor LMC6482AIN operational amplifiers were evaluated in terms of electrical performance and packaging reliability under exposure to extreme temperature thermal cycling.  Two units of each type of device were tested, and the amplifier’s gain and signal waveforms were obtained in the temperature range of +125 (C to ‑195 (C.  These tests were carried out as a function of frequency between 1 kHz and 10 MHz.  Limited thermal cycling was also performed on the devices. The results indicate that exposure to low temperatures affects the operational characteristics, with varying degrees, of these devices.  The OP15EZ, for example, exhibited good gain with temperature until -155 °C.  Its output begins, however, to exhibit instability as temperature was reduced further.  While the LMC6482AIN maintains operation throughout the temperature range between +125 (C to ‑195 (C, its gain also decreases with decrease in temperature.  At the extreme temperature of -195 °C, the gain is about 1/6th of its room temperature value.  Similarly, the gain of the OP743PA amplifier decrease in its gain, but not to the same extent as that of the other amplifiers, with decrease in test temperature.  The limited thermal cycling performed seemed to influence the electrical performance of only the OP743PA amplifier at frequencies of 500 kHz and above.  As far as packaging is concerned, none of the devices experienced any alteration or damage in their physical integrity due to either extreme temperature exposure or thermal cycling.
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