PRELIMINARY EVALUATION OF INTERNATIONAL RECTIFIER RADIATION-HARDENED POWER MOSFETS UNDER WIDE TEMPERATURE

Draft Report

Richard Patterson

NASA Glenn Research Center 

Scott Gerber

ZIN Technologies 
&

Ahmad Hammoud

QSS Group, Inc.
NASA Glenn Research Center

Cleveland, Ohio

March 18, 2002
Preliminary Evaluation of International Rectifier Radiation-Hardened Power MOSFETS Under Wide Temperature
Background
Electronic modules and power circuits designed for use on many of NASA space missions are required to be efficient, reliable, and capable of operation in harsh environments. Some of these environmental stresses that are encountered in a typical deep space mission include high levels of radiation and extreme temperature. While numerous electronic devices and packages are designed to operate and withstand exposure to ionizing and other types of radiation, little is known about their performance under extreme temperatures, in particular cryogenic environments. In this work, the performance of International Rectifier radiation-hardened power MOSFETS was investigated under wide temperature conditions.

The International Rectifier IRHNA-series MOSFETS are radiation-hardened power switching devices built on the R5™ technology [1]. These surface-mount, ceramic-packaged devices are hermetically sealed, proton tolerant, and require simple drive circuitry. They are characterized with low RDS(on), fast switching, and low gate charge. This combination results in reducing power losses in switching applications such as DC/DC converters and motor control. The lightweight devices have excellent voltage control and can be easily paralleled to increase the power handling capability. The device selected for investigation in this work was the International Rectifier IRHNA57260 Power MOSFET specified for operation in the temperature range of –55 (C to +150 (C. Table I shows some of the specifications for these devices.

Table I.  Manufacturer’s specifications of IRHNA57260 power MOSFET.

	Symbol
	Parameter
	Rating
	Units

	T(oper)
	Operating temperature
	–55 to +150
	(C

	ID
	Continuous/pulsed drain current
	55/220
	A

	V(BR)DSS
	Drain-source breakdown voltage
	200
	V

	RDS(on)
	Drain-to-source on-state resistance, VGS=12V & ID=55A
	0.04 
	(

	VGS (th)
	Gate threshold voltage
	2.0 - 4.0
	V

	VGS
	Gate-to-source voltage
	+/- 20
	V

	PD
	Power dissipation (Max.)
	300
	W


Test Setup

A total of six IRHNA57260 devices (Device #1, #2, #3, #6, #7, and #8) were characterized in the temperature range of +90 (C to ‑185 (C.  Performance characterization was obtained in terms of their gate threshold voltage (VGS(th)), drain-to-source on-state resistance (RDS(on)), and drain current (ID) versus drain‑to‑source voltage (VDS) family curves at various gate voltages (VGS).  These properties were obtained using a digital curve tracer.  The test temperatures at which these devices were investigated were: 90 (C, 25 (C, -55 (C, -100 (C, -125 (C, -150 (C, and -185 (C.  Limited thermal cycling testing was also performed on some of these devices.  Devices #1, #2, and #3 were subjected to ten thermal cycles between +90 (C and ‑125 (C.  A temperature rate of change of 10 (C/min and a soak time at the test temperature of 10 minutes were used throughout this work. Post-cycle characterization was also performed on the thermally cycled devices. Photographs were taken of the devices prior and after the thermal cycling to check for any packaging-related damages sustained by the devices due to the cycling e

Results and Discussion
Initial Characterization

The drain-to-source on-state resistance (RDS(on)) and the gate threshold voltage (VGS(th)) versus temperature for devices #1, #2, and #3 are shown in Table II.  The on-state resistance values for each device were obtained at a drain current of 15 A and a gate voltage of 12 V. As seen from Table II, all three devices show comparable values of their on-state resistance at room temperature.  The changes in this property seem to be directly proportional to the change in temperature, i.e. as the temperature increases, the on-state resistance increases, and vice versa. The only exception is confined to device #3 at –185 (C where the on-state resistance reverses trend as it shows an increase, instead of further decrease, in its value as the temperature is lowered. Nonetheless, the significant changes experienced by the on-state resistance of the three devices caused by the temperature exposure are, however, transitory as they all recover to their respective original values upon removal of the thermal stress. 

The gate threshold voltage for each device was measured at a drain current of 1 mA.  Unlike the on-state resistance, the gate threshold voltage inversely changes with temperature. As can be seen in Table II, all devices exhibit a noticeable increase in gate threshold voltage with decreasing temperature.  As the test temperature is increased beyond 20 (C, the gate threshold voltage exhibits a reduction in its magnitude. These comparable temperature-induced changes in the gate threshold voltage of the three devices are not permanent as full recovery is obtained in this property when retested at room temperature.

Table II. On-state resistance (RDS(on)) and gate threshold voltage (VGS(th)) versus temperature.



  Devices # 1, 2, and 3.

	
	RDS(on)  (m()
	VGS(TH)  (V)

	Temperature 

((C)
	Device #1
	Device #2
	Device #3
	Device #1
	Device #2
	Device #3

	90
	49.7
	51.7
	51.8
	2.95
	3.11
	2.90

	25
	33.3
	35.7
	36.6
	3.57
	3.74
	3.51

	-55
	18.7
	20.5
	22.9
	4.23
	4.43
	4.17

	-100
	12.9
	15.6
	19.0
	4.57
	4.77
	4.51

	-125
	10.3
	13.5
	17.3
	4.75
	4.95
	4.68

	-150
	8.4
	11.7
	16.2
	4.90
	5.10
	4.83

	-185
	6.6
	11.0
	24.9
	5.10
	5.29
	5.02

	25

(post cycle 1)
	34.0
	36.9
	36.4
	3.59
	3.75
	3.52


The second set of devices tested (#6, #7, and #8) displayed similar behavior in their drain-to-source on-state resistance (RDS(on)) and gate threshold voltage (VGS(th)) with temperature as those exhibited by devices #1, #2, and #3.  Once again, the temperature-induced changes in these properties disappear when the thermal stress is removed.  The results pertaining to these devices are shown in Table III.

Table III. On-state resistance (RDS(on)) and gate threshold voltage (VGS(th)) versus temperature.



  Devices # 6, 7, and 8.

	
	RDS(on)  (m()
	VGS(TH)  (V)

	Temperature 

((C)
	Device #6
	Device #7
	Device #8
	Device #6
	Device #7
	Device #8

	90
	42.4
	43.2
	44.5
	2.93
	3.1
	3.08

	25
	27.9
	27.1
	28.4
	3.55
	3.75
	3.72

	-125
	6.7
	6.7
	6.9
	4.7
	4.93
	4.9

	-150
	4.9
	4.8
	5.3
	4.85
	5.08
	5.05

	-185
	3.6
	3.6
	3.6
	5.05
	5.28
	5.25

	25

(post cycle 1)
	27.8
	27.8
	29.0
	3.56
	3.76
	3.73


Pre-Cycling Characterization

Figure 1 shows the pre-cycling output characteristics of device #1 at selected test temperatures of 90, 25, ‑125, and –185 (C.  The output characteristics are defined as the drain current (ID) versus drain‑to‑source voltage (VDS) family curves at various gate voltages (VGS).  Gate voltages (VGS) utilized in this test were in the range between 4.0 to 12.0 volts.  Two deviations in the output characteristics can be noted with change in temperature.  The first is the downward shift of the switching curves, for a given gate voltage, as the temperature is decreased.  This is due to the increase in the gate threshold voltage with decreasing temperature, as noted in Table I.  The second deviation represents an increase in slope of the switching curves as the temperature is lowered. This phenomenon is primarily caused by the decrease in the on-state resistance with decreasing temperature.

The pre-cycling output characteristics of device #2 under the same conditions are shown in Figure 2. It can be clearly seen that the switching curves of this device are influenced in the same manner as those of device #1 due to change in the test temperature. As was stated before, the shifts occurring in the switching characteristics are due to the changes in the on-state resistance as well as the gate threshold voltage with temperature.

Unlike the first two devices, device #3 could not properly operate at the lowest test temperature of –185 (C. Figure 3 depicts the pre-cycling output characteristics of this device at test temperatures of 90, 25, -125, and –185 (C. The switching characteristics resemble, to a certain degree, those of devices #1 and #2 only at the high temperature of 90 (C, room temperature of 25 (C, and at the low temperature of –125 (C. When the test temperature reaches –185 (C, the turn-on linear region can be sustained only with an applied drain-to-source voltage (VGS) of about 0.2 V or less, as shown in Figure 3. It can be also seen that with a drain-to-source voltage (VGS) of 0.5 V and at gate voltages (VGS) of 7.0 V and higher, the device begins to experience tremendous increase (runaway) in its drain current. Such a mechanism, if not controlled, would initiate breakdown events that eventually lead to a catastrophic failure of the device. Although the reason for the behavior of this device at –185 (C is not fully understood, it is important to note that this particular device showed irregularity in its on-state resistance at that temperature, as was shown in Table II.

The output characteristics of devices #6, #7, and #8 are shown at various temperatures in Figures 4, 5, and 6, respectively. Similar to devices #1 and #2, these three devices maintain good operational behavior throughout the test temperature range between +90 (C and ‑185 (C. They also undergo the same downward shifts and slope increases in their switching curves as the temperature is decreased due to the increase in the gate threshold voltage and the reduction in the on-state resistance, respectively, with decreasing temperature. 

Post-Cycling Characterization

To investigate the effects of thermal cycling on the performance and packaging assembly of these parts, limited temperature cycling testing was performed on devices #1, #2, and #3 by subjecting them to a total of ten thermal cycles between +90 (C and ‑125 (C. Post-cycle characterization was then followed.

The pre- and post-cycling values of the drain-to-source on-state resistance (RDS(on)) of the three devices are shown in Table IV at three different temperatures. For a given device, the thermal cycling seems to have caused an increase in the drain-to-source on-state resistance (RDS(on)). While this increase is modest at the test temperatures of 25 (C and 90 (C for all three devices, it becomes magnified at the extreme low temperature of –125 (C. At that temperature, for example, the drain-to-source on-state resistance (RDS(on)) increases after the thermal cycling by a factor of about 3, 2, and 1.4 for device #1, #2, #3, respectively, as shown in Table IV.

Table IV. Pre-and post-cycling on-state resistance (RDS(on)) at different temperatures.

	
	Device #1

RDS(on) (m()
	Device #2

RDS(on) (m()
	Device #3

RDS(on) (m()

	Temperature

((C)
	Pre-cycling
	Post-cycling
	Pre-cycling
	Post-cycling
	Pre-cycling
	Post-cycling

	90
	49.7
	52.7
	51.7
	54.9
	51.8
	53.9

	25
	33.3
	39.4
	35.7
	39.2
	36.6
	38.7

	-125
	10.3
	29.4
	13.5
	27.6
	17.3
	23.2


Table V lists the gate threshold voltage (VGS(th)) of the three devices obtained before and after the thermal cycling at three different temperatures. Unlike the on-state resistance, the thermal cycling has no effect on the gate threshold voltage of all devices. The gate threshold voltage for a specific device, at a given test temperature, retains its pre-cycling value after the cycling is completed.

Table V. Pre- and post-cycling gate threshold voltage (VGS(th)) at different temperatures.

	
	Device #1

VGS(TH) (V)
	Device #2

VGS(TH) (V)
	Device #3

VGS(TH) (V)

	Temperature

((C)
	Pre-cycling
	Post-cycling
	Pre-cycling
	Post-cycling
	Pre-cycling
	Post-cycling

	90
	2.95
	2.97
	3.11
	3.11
	2.90
	2.93

	25
	3.57
	3.57
	3.74
	3.78
	3.51
	3.51

	-125
	4.75
	4.75
	4.95
	4.94
	4.68
	4.67


The post-cycling output characteristics of device #1 are shown in Figure 7 at selected test temperatures of 90, 25, -110, and –125 (C.  The device displays good behavior with temperature between 90 (C and –110 (C. The switching characteristics obtained in this temperature range resemble those of the pre-cycling condition. At temperatures beyond –110 (C, the device begins to exhibit a significant increase in its drain current. This effect of the thermal cycling on the switching curves is illustrated in Figure 7 at the test temperature of -125(C.

Figure 8 depicts the post-cycling output characteristics of device #2 at the test temperatures of 90, 25, -70, and –125 (C. The thermal cycling seems to have a profound effect on the switching performance of this device at cryogenic temperatures.  Its low temperature operation is limited to about – 70 (C. Below that temperature, the device undergoes the same behavior exhibited by device #1 at –110 (C. Once again, this effect is shown in Figure 8 at the test temperature of –125 (C.

The effects of thermal cycling on the switching characteristics of device #3 were very similar to those observed with device #1 with the cut-off low temperature being at about -115(C. Figure 9 shows the post-cycling output characteristics of this device obtained at the test temperatures of 90, 25, -115, and –125 (C. It can be postulated that the thermal cycling affects the performance of these devices only at cryogenic temperatures. The nature and intensity of the induced changes are, however, different from one device to another.

Package-Structure Examination

After thermal cycling, no cracking, warping, delamination, deformation, or terminal breakage or fatigue was observed on any of the tested devices except for device # 3.  It showed a silver streak on the side seam after thermal cycling.  It is not known what the sliver streak represents or whether thermal cycling caused the streaking.   Post-cycling photos of device # 3 are attached.

Conclusion
International Rectifier IRHNA-series MOSFETS, which are radiation-hardened power switching devices, were characterized in terms of their switching characteristics in the temperature range of +90 (C to ‑185 (C.  Three of the six IRHNA57260 devices were subjected also to a limited thermal cycling of ten cycles between +90 (C and ‑125 (C.  Although the operating low temperature of this type of device is specified to –55 (C, all the devices operated successfully to and below that temperature, even for those subjected to the thermal cycling.  In fact, some of the devices survived and operated at temperatures down to –185 (C while others cease their normal behavior at about –150 (C. Thermal cycling seems to affect the performance of these devices only at –70 (C or lower. The changes caused by the thermal cycling are not related to, or associated with, the external packaging and assembly of the devices, as no damage was evident upon visual examination. Further comprehensive testing is, therefore, required to identify the nature of the induced changes and their mechanisms so that performance and long-term reliability of the devices can be determined for cryogenic operation. 
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Figure 1. Pre-cycling output characteristics of device #1 at selected test temperatures.
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Figure 2. Pre-cycling output characteristics of device #2 at selected test temperatures.
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Figure 3. Pre-cycling output characteristics of device #3 at selected test temperatures.
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Figure 4. Pre-cycling output characteristics of device #6 at selected test temperatures.
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Figure 5. Pre-cycling output characteristics of device #7 at selected test temperatures.
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Figure 6. Pre-cycling output characteristics of device #8 at selected test temperatures.

[image: image13.wmf]V

GS

 = 4.0V

V

G

S

 

=

 

5

.

0

V

V

G

S

 

=

 

7

.

0

V

V

G

S

 

=

 

8

.

0

V

V

G

S

 

=

 

1

2

.

0

V

V

G

S

 

=

 

6

.

0

V

0.0

0.5

1.0

1.5

2.0

V

D

S

,

 

D

r

a

i

n

-

t

o

-

s

o

u

r

c

e

 

V

o

l

t

a

g

e

 

(

V

)

(

9

0

 

°

C

)

0

4

8

12

16

20

I

D

 

,

 

D

r

a

i

n

 

C

u

r

r

e

n

t

 

(

A

)

V

GS

 = 4.0V

V

G

S

 

=

 

5

.

0

V

V

G

S

 

=

 

7

.

0

V

V

G

S

 

=

 

8

.

0

V

V

G

S

 

=

 

1

2

.

0

V

V

G

S

 

=

 

6

.

0

V

0.0

0.5

1.0

1.5

2.0

V

D

S

,

 

D

r

a

i

n

-

t

o

-

s

o

u

r

c

e

 

V

o

l

t

a

g

e

 

(

V

)

(

2

5

 

°

C

)

0

4

8

12

16

20

I

D

 

,

 

D

r

a

i

n

 

C

u

r

r

e

n

t

 

(

A

)



[image: image14.wmf]V

G

S

 

=

 

5

.

0

V

V

G

S

 

=

 

7

.

0

V

V

G

S

 

=

 

8

.

0

V

V

G

S

 

=

 

1

2

.

0

V

V

G

S

 

=

 

6

.

0

V

0.0

0.5

1.0

1.5

2.0

V

D

S

,

 

D

r

a

i

n

-

t

o

-

s

o

u

r

c

e

 

V

o

l

t

a

g

e

 

(

V

)

(

-

1

1

0

 

°

C

)

0

4

8

12

16

20

I

D

 

,

 

D

r

a

i

n

 

C

u

r

r

e

n

t

 

(

A

)

V

G

S

 

=

 

5

.

0

V

V

G

S

 

=

 

7

.

0

V

V

G

S

 

=

 

8

.

0

V

V

G

S

 

=

 

1

2

.

0

V

V

G

S

 

=

 

6

.

0

V

0.0

0.5

1.0

1.5

2.0

V

D

S

,

 

D

r

a

i

n

-

t

o

-

s

o

u

r

c

e

 

V

o

l

t

a

g

e

 

(

V

)

(

-

1

2

5

 

°

C

)

0

4

8

12

16

20

I

D

 

,

 

D

r

a

i

n

 

C

u

r

r

e

n

t

 

(

A

)


Figure 7. Post-cycling output characteristics of device #1 at selected test temperatures.
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Figure 8. Post-cycling output characteristics of device #2 at selected test temperatures.
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Figure 9. Post-cycling output characteristics of device #3 at selected test temperatures.
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(b)

Figure 7. Photographs of device #3 after thermal cycling. (a: Top view, b: Side view)
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