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ABSTRACT .Marvin Smith

The ratings and characteristics of the Insulated Gate Transistor, as
well as some typical applications of the device, are discussed in this paper.
It is a device that features input characteristics similar to a Power MOSFET
and output characteristics similar to a bipolar transistor.

INTRODUCTION

The Insulated Gate Transistor (hereafter referred to as the IGT) was de-
signed with an objective of combining the best features of Power MOS and bi-
polar transistor technologies to produce a device which would approach the
ideal switch.

THE POWER MOSFET AND BIPQLAR TRANSISTOR

The Power MOSFET features very fast switching speeds, excellent Safe Op-
erating Areas, and a high input.impedance. However, the RDS(ON%-Of the Power
MOSFET increases exponentially with increasing drain-to-source breakdown
voltage ratings (i.e., Rps(on) = K Vps exp 2.5 to 2.7) and exhibits a posi-
tive temperature coefficient which causes R?S(ON& to more than double from
Ty, = 259C to 1509C. For devices rated below 100 Volts, the Rps(on) consists
primarily of the channel resistance and a reasonable current rating can be
achieved for a given die size. The temperature coefficient of RDS(O'% for
devices rated below 100 Volts can be limited to BRps(oN) = .2 to .9 /°C.
However, as the drain-to-source breakdown voltage is increased beyond 100
Volts, the temperature coefficient of R s(on) increases due to Rpgioy) being
limited by the channel resistance and tﬁe ep}taxia? resistance -'%&at 155
RDS(ON) = Repi * Rch. The temperature coefficient of RDS(ON) is not read-
ily. reduced for drain-to-source breakdown voltages greater than 100 Volts and
is equal to ARpg(g = .6 to .7%/°C. That is, Power MOSFETS have a practi-
cal upper vo]tagé *?mit on BVpngs for a given chip size and current rating
which is determined by achievag?e on-state resistance.
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The bipolar transistor features low on-state losses, moderate to very
tfast switching speeds-depending on voltage and current ratings, as well as
drive conditions. However, the bipolar transistor is difficult to drive in
applications where optimal switching speeds and low saturation voltages are
required, and the drive circuit is genera’ly more complex than a comparable
Power MOSFET. The current gain of the bipolar transistor generally decreases
as the collector-to-emitter voltage breakdown rating increases, even though
very fast switching speeds can be realized. In order to achieve high current
gain 1in bipotar transistors, the Dariington configuration is utilized. How-
ever, the on-state losses increase due to the cascade connection of muitiple
devices. The Safe Operating Areas and peak current capability of the bipolar
is generally inferior to Power MOSFETs with comparable voltage and current
ratings.

[

THE T6&T

The IGT utilizes the best features of the Power MOSFET and the bipolar
transistor. It has a high impedance input with Tow equivalent input capaci-
tance, as 1ittle as one-fifth that of a Power MOSFET rated at comparable volt-
ace and current. The current density of an IGT rated at 400 Volts and 10 Amps
is up to twenty times greater than a Power MOSFET and five times greater than
a bipolar transistor with comparable ratings. It is a voltage controlled de-
vice whose collector-to-emitter saturation voltage car be decreased by in-
creasing gate-to-emitter voltage and resembles the Vg E(SAT) Characteristics
of a bipolar transistor. Switching speeds consist of turn- Un times which are
comparable to a Power MOSFET, while delay and fail times are controiled by
externa® circuitry and davice type.

The symbol and simplified equivalent circu’t oF the IGT with a resistive
load is shown in Figure 1. Q7 1s a MOSFET with a parasitic transistor
whose base-to-emitter Junction has connected in parallel with it a Tow va%ue
of resistance R1. Rl is shown as a variable resistor. This is due to pro-
cess varijations and different geometric Jocations of the multipie cells which
are oresent in a large device. RZ is an equivalent resistance used to des-
cribe (in simplistic terms} a functional realization of a Power MOSFET whose
channel and epitaxial resistance are modulated to provide an equivalent
RDS Ng much lower than a comparably rated Power MOSFET. Cl1 is coliector-to-
base capacitance of the parasitic transistor Q». Qo does not conduct at rated

COLLECTOR

COLLECTOR

/ w3}
GATE ’D

e —TMITTER (5 EMITTER

(a) Symbol (b) Equivalent Circuit with External
Load.

FIGURE 1 - IGT Symbol and Equivalent Circuit.
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velues of IGT collector current and maximum junctiorn temperature when the
device is forward biased.

In order to turn the IGT on, Q) gate-to-emitter must be biased positive
to negative. When Vgr Eh) is exceeded, load current flows through Gy base-to-
emitter junction and through Q7 drain-to-source. This current through Q7 in-
itiates the turn-on sequence. That is, Q7 conducts until the turn-on de%ay .S
time (tq;) of Q3 is exceeded. After time tqy, the value of R2 changes dras- T
t;ca}é¥ toT;ower the effective on-state voltage from colliector-to-emitter of
the IGT. at is, Veg(g3) + Igpz * Ry = ¥ 3) + 1 * R -
where RDS(oN) 1s effec%?vgly inQpara11e1 witEEgﬁe)dynagsg1lon“ Egggg)gésﬁs—
tance RZ. Q3 is a low gain device and VCESSAT) 2 Vpg. R1 is important to
the device design, since it must be properly sized to avoid latch-up of the
parasitic SCR consisting of Q» and Q3 at extreme current levels ‘and/or junc-
tion temperatures.

e o3

In order to turn the IGT off, the gate-to-emitter voltage is reduced/;; )
zero. This turns Q off, decreases the base and coddectot currents of £ and £-2 53
starts the turn-off sequence. The collector current fall time will consist
of three distinct intervals - turn-off delay time [tq(grryl, current fall
time one (tgy) and current fall time two {tfp). The iurn—off delay time will
be influenced oy the value of Rgp and the magnitude of Vgg prier to turn-off,
a5 well as the siorage time of Q3. Since there are no means of extracting
charge from Q3, the turn-off delay time and fall time is controlled by the
individual device characteristic. Therefore, the current fall time will con-
sist of two distinct intervals (tgy and tep). A current tailing effect will
be evident and will not be contro?%ab]e by the external circuitry, since the
PNP (QS) must turn off by recombination.

LATCHING CURRENT

The IGT can latch on during turn-off due to the parasitic SCR {Q and
Q) if the value of gate-to-emitter resistance is too small, Typical device
switching times and controllabie collector currents are specified with a min-
imum permissible value of gate-to-emitter resistance. It must be emphasized
that latching generally occurs during device turn-off. Referring te Figure 1,
it is observed that in the forward conducting moce of the IGT with Rgr fixed,
an increase in tne magnitude of the collector current beyond rated values
will result in & corresponding increase of VCE(SQT)- This effectively in-
creases the applied voltage to the collectors and emitters of Q» and Q3. %t
is well known that increasing Vop increases the rgTative current gain gf bi-
polar transistors when in the quasi saturated region, and if ;he Junction
temperature is increased, the gain also increases. An exception to this is
when the magnitude of the collector current is much greater than rated cur-
rent and current crowding effects {(gain roll off) cause very low gains.

The IGT is very difficult tc latch on in the forward conducting mode due
to R1 - which is a very low value of resistance. However, it is much easier
to latch on wnile turning off the devica. During turn-off of the I1GT, Rgg
determines the turn-off dVpg/dt of the Power MOSFET (Qy). The dVps/dt of I
equals the dVgp/dt of Q. Due to capacitive charging cu¢rents which are QE-
veloped across R1, it is possible to initiate Qp conduction due to excessively

high vaiues of dV.g/dt. The PNP transistor (QB) also experiences a gain in-

PCi APRIL 1984 PHOCEEDINGS 123



crease due to its Veg
diode drop greater than Vep(qp)-

increasing, since the emitter potential of Qy is one

Since the gain of Qp and Q3 increase as a function of temperature and the
magnitude of ccllector-to-emitter voltage, the predicted behavior is that
latching current will be high at 25°C and decrease as a function of increasing -

junction temperature and increased d¥ps/dt of Q1 (minimum Rge).

It will also

be higher for a resistive load than a clamped inductive load = since maximum

dV¥/dt occurs at maximum current.
testing, confirm these hypotheses.

Experimental results, as well as production
Typical latching currents are shown as a

function of temperature for a 10 Amp IGT rated at 400 VDC in Figure 2.

* VCE = 37CVOC
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FIGURE 2 - Typical Latching Current

vs. Junction Temperature.

In practical devices, the cur-
rent fail times are controlled by

“tailoring individual device charac-

teristics for gain and switching
speeds., [evices have been success-
fuily constructed with fall times
that vary from as Tow as 200 ns up

to 30 us maximum. The fast turn-off
times are &chieved at the expense of
increasing collector-to-emitter sat-
uration voltage. This is illustrated
in Figure 3. It is observed that
very fast devices (type A) have high
forward voltage drops at rated current,
moderately fast devices (type B) com-
pare favorably with power Darlingtons
for VCE#SAT} while type C devices

can be Tabricated to have VCE(SHT)

vajues equal to or less than a comparably rated power Darlington.
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FIGURE 3 - Yep(saT) VS- Current
F H TL‘]ne {tey 4 tfg).
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TEMPERATURE COEFFICIENTS OF THE IGT

The temperature coefficients of
the IGT are shown in Figure 4. It
is observed that BVCER has a positive
temperature coefficient and is approx-
imately + .117%/°C, In a typical
application, the lowest operating tem-
perature should be used to determine
device specifications. For example,
a 400 Volt device would be rated at
349 Volts at Ty = -50°C and 451
Volts at Tg = 100°C,

The gate-to-emitter threshold
ycltage has a negative temperature
coefficient of approximately -6.7
mV/9C. 1In practical applications,



the maximum operating junction temperature should be considered for minimum
noise jmmunity, while the minimum junction temperature should be considered

for maximum Vge(th) in order to determine minimum values of the gate-to-emitter
drive requirements. ‘That is, for Ty = 25°C, Vgrrep) = 3.5 VDC, while at

Ty = 1500C, Vgerypy = 2.3 VDC, Noise voltages in excess of this value could -
wrn the device on. At Ty = -50°C, Vg (th) s = 4.18 VDC and represents :
the minimum value of Vgr th) that could Ee applied to the device. In a switch-
ed mode application, the gate-to-emitter voltage is >»> Vge(th) in order to min-
imize VCE{SAT and reduce conduction losses. In linear ané parallel applica-
tions, Vg becomes important in order to predict circuit performance -

this is similar to Power MOSFET design procedures.

The temperature coefficient of

ha VCE%SAT) for the IGT is a parameter
Y | that provides an indication of just
Vesar ! | |tV how well the IGT overcomes the short-
Y - R Pl comings of Power MOSFETs and bipolar
e | Eag ~ transistors. That is, Power MOSFETs
R Toesar are easily paralleled for D.C. ap-
2 o ' Yar 1 plications due toc the positive tem-
g :q:;mrsn 1i:;':l;;:-1‘|u\r~:5 25 'rvm::.;uaw& perature COEf‘F'IC?EI’It Of R S{ N). .
Tk L;mqu“nsv rer | — However, for pulsed type ?oag , the
0 Verwans  lgt1n Voge18v N Power MOSFET should be matched for
Brers  icrima Vepn RATING transconductance and gate-to-source
0 L i - - threshon voltage tc assure proper
cnsﬂevuu:penmuns C dynam-lc ba]ance'

The bipolar transistor is not
FIGURE 4 - Typical Temperature as easy to parallel, since the tem-
Dependence of Parameters, perature coefficient is negative.
Ballast resistors can be added ex-
ternally to the device to improve current sharing for absolute magnitudes of
coilector current. However, pulsed applicatiors present a problem when high
speed switching is required. Considerable effort must be expended by the cir-
cuit designer to achieve effective paralleling. This includes matching trans-
conductance, gains, switching times, and use of bucking inductors. In addi-
tion, optimal drive technigues must be employed in order to assure simultan-
eous switching of the devices during turn-on and turn-off.

The IGT has a temperature coefficient of VCp(saT) that looks Tike a bi-
polar transistor up to approximately Ig(max)/2. At that point, the tempera-
ture coefficient becomes zero. At collector currents greater than Icémgx /2,
the temperature coefficient becomes positive and looks like a Power MOSFET,

A typical temperature coefficient of Vgp(SAT) as a function of collector cur-
rent and junction temperature is given in Figure 5. The implications of this
are that an IGT can be easily paralleled for d.c. and low fregquency appiica-
tions. High speed pulsed applications would require that differential turn-
off times be balanced. Referring to Figure 4, it is observed that the coef-
ficient of Vepesa ) for -550C € T3<1500C at 10 Amps collector current is pos-
itive anc¢ is eéua¥ to approximate%y + ,073%/°C. It should also be ooserved'
from Figure 5 that the temperature coefficient of VCE(SAT) for a 15 Amp device

is zero at approximately Ip/2.
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In order to appreciate the ]

significance of an IGT rated at 2T ;___;__Eiﬂl_;_ﬂ;———;———;’*i'

10 amperes and 400 Volts with a
zero temperature ceoefficient

for VCE(SAT). consider an equiv-
alent Power MOSFET rated at 400V
0C and 10 amperes with identical
drive conditions. That is, Vg
= Vgs = . 10 volts for 25 £ T3 2 ez

$-125°C. The General Electric el ﬁh“"HTZ:ZTH?“*“*-ﬂhﬁ_JH‘*‘W
D94FQ4 has an on-state voltage o8 b 1HﬁH*ETE?am“*-h,ﬁ__kﬁﬁqhhhﬂh
of 2.5 Volts typicel and 2.7 | MSLLATED GATE &

Volts maximum at T; = 25°C. . Mo

Assuming a temperature coefficient i YV S S
of ,073%/°C, \fcgésp‘g) max. at : AMBIENT TEMPERATURE, (*C)

Tg = 1259C 15 2.89"Volts.

Power dissipation cue to conduc- FIGURE 5 =~ V VS,

tion losses would be 27 £ pp < angSﬁ;% IGT.IC and 19 for
29 Watts for 25 S T; £ 1259,

An eguivalent Power MQOSFET, the GE D86EQ2 and IRF340 lists Rps ONg = 5%
Ohms max. at Ty = 250C. Using the t.c. of Rpg(pn) = .6 to .5% C gives a
60% cnange in RDS(OW%- That 1s Rpgrgy) max. w11§ be .88 Onms and Vps(gn)
will be 8.8 Volts with Pp = 88 Watts at Ty = 1250, That is, the IGT on-
state losses are approximately one-third the Power MOSFET,

FORAWARD VOLTAGE DROP, (VOLTE)Y

m

This implies that the IGT is a much better device for d.c, and low fre-
quency applications at high voltages (Vgg 2 40C VDC). Tnis does not imply
that the IGT is the best device for all applications, since the Power MOSFET
is vastly superior tc the IGT for high frequency pulsed type applications
where switching losses exceed conauction josses by & considerable margin.

Consider the situation where an IGT type A (Figure 3) has a current fall
time of 350 ns at TJ{MAX = 125°C and is switching an inductive load at
100 kHz. The total Tossées will consist of conduction losses and switching
losses. That is, for the IGT,

: V.. I ft
- CC °C f

Pro7 Veggsamy e 8 ——F—
where & = duty cycle = .5 and f = 105 Hz
Tet Io = 10 Amps and Vep = 400 VDC, VCE(SAT) = 5YDC (fr?m Figure 3)

3 5 -6

then Pr = 25 + 4007) (00) 35 00 ) - g5 yeres
An equivalent Power MOSFET would have a fail time of approximately 50 ns.
Therefgre, Pn = 44 + 10 = 54 Matts (from previous example; for the Pow-
er MOSFET. ?he Power MOSFET is clearly the device to choose in order to min-
imize power losses at f = 100 kHz. The question naturally arises as to

"when should ore use ar IGT or a MOSFET?" 1In order to answer this, equate
total losses and salve for frequency. That is, for this example, the fre-
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guency crossover point would be at f = 41.42 kHz.

The bipolar transistor can certainiy function at 40 kHz and also at 100
kHz quite efficientiy. However, drive circuit complexity far exceeds that which
which s required for a Power MOSFET or IGT in order to achieve optimal switch-
ing times. In addition, switching times of the Power MOSFET are virtually
constant over wide junction temperature excursions as well as dynamic Toad
changes.

0.C. and low freguency applications minimize the significance of switch-
ing times but maximize the importance of low conduction lesses. This is where
IGT type € (Figure 3) comes intc the picture. The conduction losses of a 400
Yolt 1GT are equal to or less than an equivalent bipolar and the IGT is easily
paralleled to increase its current ratings. Bipolar transistors are wel)
suited for these applications, but the resultant gate drive simplicity of an
IGT compared to bipolar drive circuits results in equivalent performance with
extremely simple gate-to-emitfer drive circuitry due to its high input imped-
ance.

R L

SWITCHING THE IGT

The IGT switching times are compased of turn-on delay t1me [td N ,
rise time (tr)’ turn-off delay time [td(OFF 1 and fall times (t 1 ang

The turn-on delay and rise times are similar to a Power MOSFET and are a Tunc—
tion of the source impedance and source voltage. Typical values for the GE
D94FQ4, 400 Yolt 10 Amp device are 100 and 120 ns, respectively, for td(aN)
and t. with a 15 Volt source voltage and a 50 ohm source impedance at Ty =
1500C.

The turn-o*f time of the IGT depends on the value of the gate-to-emitter
vcltage prior to turn-off and the gate~fo-emitter source impedance. Turn-off
times are specified on the data sheet with a minimum permissible value o7 1K
for Rgp and a typical vatue of Rgp = 10K with a gate-to-emitter voltage of
15 Volts, Turn-cff delay times for a resistive load are 11 and 2.5 us maxi-
mum for Rgp = 10K and 1K, respectively at T3 = 150°. Fall times are
specified as 6 and 2 us for Rgg = 10K and 1K, respectively, at Ty = 150°C
for a resistive load. Clamped inductive switching times are specified at
Ty = 1509C, Vgg = 400 Volts, Ip = 10 Amps, Vgp = 15 Volts, with Rgp =
10K and TK. to(gFF) s 16 and 3.6 ps, ts is 4.4 and 1.7 us, respectiveiy,

- for Rgr = 10K and 1K,

It was mentioned earlier that the IGT has a current tail that is indepen-
dent of the drive circuitry. Figure 6 is a p]ot of turn-off times vs. Rar
for a resistive load. The current tail (tsp) is observed to be a constant at
a fixed temperature, Tne effects of the teil contribute to switching losses
for a resistive and inductive leoad during turn-off, It can be shown by analy-
sis that increased switching losses due to tg> compared to devices with a 1in-
ear fal® time are such that at f = 10 kFz for a type B dev1ce (the GE D94FQ4)
operating at 10 kHz, 400 Yolts, 10 Amps with tfp = L5000 %) anc tgp =
2(10-8), the resistive switching ]osses are 10,72 Watts compared to a device
with Tinear fall time wnose switching 10sses would be 7 Watts. The switching
losses for an inductive Toad would be 25 Watts for the IGT and 21 Watts for a
device that has linear current fall time,
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Figure 7 is a photo of actual
device switching times. It should
be observed that for a slow device
(type C) the tail is quite obvious.
This device would be used for d.c.
and low frequency applications
where switching losses are minimum.
A type A device switches so fast
that the current tail is hardly no-
ticed.

SWITCHING TIME ()

OUTPUT CHARACTERISTICS AND TYPICAL
VALUES OF VCE(SAT)

The IGT can be used as a lin-
ear amplifier or in the switched
mode. In the switched mode, in-

creasing the magnitude of Vg de- R Lttt oy Ll o
creases Vep(saT). In addition, for 1000 4700 1K 10K
constant Vgp (7 Amps for example) Rge ()

the device acts as a current source

and self limits its collector cur-  FIGURE 6 - Turn-off Times vs. Rgf.

rent. Sufficient heat sinking must

TOP Hc] VERT=2A/cm BOTTOM ‘VGE] VERT= 5V/em

FIGURE 7 - Resistive Load Switching.
be provided to operate the device as a current source.

The on-state characteristics of the D94FQ1FR4 are shown in Figure 9. It
is observed that the temperature coefficient is zero at approximately 4 Amps.
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VYoltage.
SAFE OPERATING AREAS AKD TYPICAL CHARACTERISTICS

Safe Operating Areas for the GE D94FQ/FR4 IGT are shown in Figures 70 thru
12. The maximum value of switched (pulsed) collector current is limited by the
minimum value cf Rgg that can be tolerated without causing the device to latch
on due to ioss of gate control. In additicn, maximum pulsed collectcr currents
are significantly greater than continuous collector current ratings due to the
effects of duty cycle, pulse width, and the transient thermal resistance of the
device. The maximum Safe Operating Area for the DS4FQ/FR4 is shown in Figure

15

25 ‘
' T ps £ MUK COLLECTOR CURRENT
FOR Rge 5 Ki!

150°C

T,=150°C

MaX MU COLLECTOR CUARENT
FOR R =3 K1

\\Mnxmum COLLECTOR GURRAENT \ 5
FOR By K | A \
MAKIMUM COLLECTOR CURRENT

PEAK COLLECTOR CUARENT, 1. 1AM FERES]

5 D94F e FOR R 1Kl I
(4G0Y Ma g MUK DRFOu
| VATV MAKIMLIMI
D94EAL TroarR)
(500 % MAKIMUMI 800 AAXIMLI
C L L L
0 100 00 00 +00 500 o 00 200 xE w0 %00

VECTOR 10 EMITTER VDL TAGE, ¥ (VOLTS .
PEAR COL:E ) e ' PEAX COLLECTOR TO EMITTER YOLTAGE Vo oo ampy. (VELTE!

FIGURE 10 -~ Maximum Rated Switch- FIGURE 11 - Maximum Rated Switch-

ing Safe Operating ing Safe‘Operatjng
Area for Resistive Brea for Inductive
Load. Load.

12. Note that peak current ratings for a 10 Amp IGT is 40 Amps and that the
SOA depends on Rgg.
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= _ GATE DRIVE

50 Y Y . . ¥
" = i e T Gate drive circuits for the IGT
£ 20 fom ,Tﬁf S rﬂFi : ! can be as simple as a voltage source
i _rTqiﬁii :\\;‘ ! L with a gate-to-emitter resistance.
. 4 ==—~—>——>~~——— Figure 13 is an illustration of sey-
£ I A S S R e R e o ONie<s  eral simplified drive circuits. In
= il;/: T 111101 ] \\| T 100usec . .
E 2 3 L T~\ f‘ ;r | F1gure 13a, the turn-off delay time
Elggrnggﬁﬁggéjgggifgﬁsm DN Nl 0of the IGT is sufficiently long to
z Foorr ~ 1Ki MAY BE LIMITED BY SWITCHING oS = - allow high frequency pulses to drive
§ 08 [sare orensTING amea T—T—T T SSEFFo  the device. That is select the off
£ | | [ t Foi | I . L]

1 LR SR | \ ] I’“’ T - -
02 §Tgf;wﬁ. == wme time (5 us) of the oscillator to be
- il D84Rs 4 S Tess than td(0FF) to minimize trans-
1 2 5 10 20 50 100 200 500

former size and drive power. In Fig-
ure 13b, a symmetrical drive is util-
. . ized to drive an inductive load in a
FIGURE 12 - Maximum Safe Operating Tow frequency application. Note that

Area. only one resistor is required and that

current fall time is sufficiently slow

to negate the need for a snubber or voltage clamp. In Figure 13c, an asymmet-
rical drive is utilized to achieve rapid turn-on time with the fall time being
controlled by Rge for a high speed application. 1In Figure 13d, Q3 is driven
by a current source. The charging current is selected by the value of R

Veg. COLLECTOR-EMITTER VOLTAGE, (VOLTS!)

1
where I g =,
G2 R iz*vcc
L
? +18vDC
100 khz N
;335‘3% 914
-+- 10V
13(a) High Frequency Drive for 13(b) Symmetrical Drive.
Solenoid. '
+15
I=_1-
Fe
“g
-15 } Q3 'E' VBB
10K
13(c) Asymmetrical Drive with
Clamped Inductive Load.
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FIGURE 13 - Gate Drive Circuits.



SUMMARY

The IGT is an exciting and versatiie device. It can be tailored to func-
tion in low frequency, mid-frequency, and high frequency applications. It is
not intended to replace bipolar transistors or Power MOSFETs, but is intended
to provide designers with a new device that features improved performance,
drive circuit simplicity, and brings to the marketplace a device that combines
the best features of bipolar and Power MOSFET technology.
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