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Power MOSFETs are emerging as the device of choice for high-quality power amplifiers

because of their speed, reduced need for protection, and falling cost. A low-distortion

power amplifier design is presented which includes output stage error correction to

reduce the effect of transconductance droop in the crossover region and thus allow
operation at more efficient bias levels.

0 INTRODUCTION In this paper we present a high-performance amplifier

The rapid evolution of power MOSFETs during the design which utilizes the advantages of the power
last few years has brought them to the point where they MOSFET while dealing with the drawbacks of the de-
are now very attractive for use in audio amplifier power vice. Although not taken to an extreme, the underlying
output stages. Important improvements include in- philosophy of the design is that small-signal silicon is
creased voltage, current, and dissipation ratings, re- inexpensive, that is, that the overwhelming portion of
duced "on" resistance, availability of complementary expense in a power amplifier is in items like the power
pairs, and greatly reduced cost. Although a 75-W transformer, filter capacitors, power transistors, heat

sinks, chassis, and related hardware. Thus, in order to
MOSFET is still more expensive than a 150-W bipolar
transistor, the premium is small when considered rel- take full advantage of the performance achievable with
ative to total amplifier cost and improved performance, the MOSFET output stage, a very-high-quality front

The purpose of this paper is to demonstrate the level end and driver are provided. The driver, operating from
of performance achievable with current technology and regulated boosted supplies, is capable of providing high
to illustrate practical circuit techniques for achieving voltage and current swings to the power MOSFETs
this performance, with good headroom. Output stage transconductance

Power MOSFETs have several fundamental advan- droop is dealt with by employing a simple but very
effective output stage error-correction technique pro-

rages over bipolar power transistors, most notably speed
and freedom from secondary breakdown. The latter posed by Hawksford [1]. The resulting design achieves

provides higher "usable" power dissipation, improved a 20-kHz total harmonic distortion figure of less than
reliability, and freedom from safe-area limiter circuits, 0.0015% at an idle bias of only 150 mA.

which can misbehave and cause audible degradation. I APPLYING POWER MOSFETS
MOSFETs also have some disadvantages in comparison

with bipolar transistors. These include higher turn-on The design of MOSFET power amplifiers is quite
voltage drive requirements and smaller transconduct- straightforward and conventional as long as differences
ance at low current levels. The former tends to contradict between MOSFETs and bipolar transistors are under-
generalizations that have been made to the effect that stood. In this section we review current MOSFET

drive circuits for power MOSFETs are less expensive, technology, compare MOSFET and bipolar character-
at least for the reliable source-follower configuration, istics, and focus on several important design consid-
The latter results in transconductance droop in the cross- erations.
over region if bias currents are not fairly high. Such
transconductance droop can result in crossover distortion. 1.1 Power MOSFETStructures

Power FET technology has evolved over the last 15* Presented at the 72nd Convention of the Audio Engi-
neering Society, Anaheim, CA, 1982 October 23-27; revised years from JFET to MOSFET devices with many dil-
l983 July 25 andOctober 27. ferent structures along the way. The modern power
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MOSFET is made possible by many of the same ad- tically from the drain contact on the back of the chip
vanced techniques that are employed in MOS large- through the lightly doped n-type drift region to the
scale integrated circuits, including fine-line photolith- channel, where it then flows laterally through the chan-
ography, self-aligned polysilicon gates, and ion im- nel to the source contact. The doubly diffused structure
plantation. Two planar structures, one lateral MOSFET is formed by starting with an n-type wafer with a lightly
and one vertical DMOS, are currently the most suitable doped epitaxial layer. The p-type body region and the
devices foraudio applications. Both are readily available n+ source contact are then diffused into the wafer in
in complementary pairs, offer suitable current and that order. Because both diffusions use the same mask
voltage ratings, and are realized with a cellular structure edge on either side of the gate, channel length is the
which provides the equivalent of thousands of small- difference of the out-diffusion distances of the body
'geometry MOSFETs connected in parallel. Another and source regions. As a result, extremely short channels
DMOS structure, the nonplanar V-groove power are easily realized without heavy dependence on pho-
MOSFET, still enjoys considerable popularity, but tolithographic resolution. This results in high trans-
limited availability ofp-channel versions with suitable conductance and low "on" resistance. The geometry
voltage, current, and "on" resistance makes them less and dimensions of the n-type drift region are such that

· attractive for audio output stages, its effective resistance can be much smaller than that
The structure of the lateral power MOSFET is illus- of the .drift region for the lateral devices. This also

trated in Fig. l(a) [2]. The n-channel device shown is aids in achieving low "on" resistance while retaining
similar to small-signal MOSFETs found in integrated high voltage capability.
circuits, except that a lightly doped n-type drift region The vertical DMOS structure is much more compact
is placed between the gate and the n + drain contact to and area-efficient than the lateral structure because the
increase the drain-to-source breakdown voltage by de- source metallization covers the entire surface; the
creasing the gradient of the electric field. Current flows polysilicon gate interconnect is buried under the source
laterally from drain to source when a positive bias on metallization. Also, each gate provides two channels,
the silicon gate inverts the p-type body region to form one on each side. The amount of active channel area
a conducting n-type channel. (Note that the arrows in for a given chip area is thus higher than for the lateral
Fig. l(a) and (b) illustrate the direction of carrier flow geometry. The fact that source and drain metallizations
rather than conventional current flow.) The device is can each occupy virtually an entire side of the chip

fabricated by a self-aligned process where the source leads to high current capability. Finally, the length of
and drain (drift region) diffusions are made using the the gate can be greater in this structure because it does
previously formed gate as part of the mask. Alignment not directly control channel length. This, combined
of the gate with the source and drain diffusions thus with the compact structure, results in lower series gate
occurs naturally, and the channel length is equal to the resistance (about 6 fl) and higher speed. Because of
gate length less the sum of the out-diffusion distances its many advantages, the planar vertical DMOS structure
of the source and drain regions under the gate. Small is now the main-line power MOSFET technology. Ex-
gate structures are thus required to produce the short amples of this structure are the International Rectifier
channels needed to realize high transconductance and IRF-132 (n-channel) and IRF-9130 (p-channel), whose
low "on" resistance, cellular structure is illustrated in Fig. l(c) [3]. These

While providing high breakdown voltage, the lightly are the devices used in the amplifier to be described.
doped drift region tends to increase "on" resistance.
This partly explains why higher voltage power MOS- 1.2 Transfer Characteristics
FETs tend to have higher "on" resistance. A further
disadvantage of this structure is that all of the source, Fig. 2 shows the drain and gate transfer characteristics

gate, and drain interconnect lies on the surface, resulting typical of the devices used in this project [3]. The
in a fairly large chip area for a given amount of active important point to see here is that these enhancement
channel area, which in turn limits transconductance devices require about 3 V of forward gate bias to begin

per unit area. Series gate resistance also tends to be to turn on (e.g., gate threshold voltage Vt) and may
fairly high (about 40 12) as a result, limiting maximum require as much as 10 V to conduct high currents (12
device speed. The lateral power MOSFETs are presently A). The maximum transconductance of the power
the most widely used MOSFET in audio amplifiers. MOSFETs, on the order of 2-5 siemens (S), is con-

Examples of this structure are the Hitachi 2SK-134 (n- siderably less than that of a bipolar transistor; this also
channel) and 2SJ-49 (p-channel). Desirable features contributes to the higher voltage drive requirement.
of these devices include a threshold voltage of only a While the required bias voltage is thus higher than
few tenths of a volt and a zero temperature coefficient for bipolar transistors, it can still be generated by the
of drain current versus gate voltage at a drain current traditional Vbe multiplier circuit. As will be seen in
of about 100 mA, providing good bias stability. Section 1.3, however, conditions for achieving thermal

A more advanced power MOSFET design is the ver- bias stability are considerably relaxed.
tical DMOS structure illustrated in Figure l(b) [2]. If the popular source-follower output stage config-

When a positive gate bias inverts the p-type body region uration is used, the substantial gate drive voltage re-
into a conducting n channel, current initially flows ver- quired for high currents means that the driver stage
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should be provided with a boosted power supply voltage, dropped from supply rail to load in output stages.
greater than that of the main high-current supply, in However, they typically require a higher operating
order to take full advantage of the voltage swing avail- current to achieve a given transconductance. This
able from the latter. The current requirements for the characteristic is illustrated in Fig. 3. The device trans-
boosted supply are small, and it can be regulated at conductance in a source-follower or emitter-follower
little additional expense, thus reducing hum, crosstalk, output stage is important because it determines the small

and modulation distortion. Several high-quality bipolar signal voltage drop through the stage as a function of
power amplifiers also use boosted driver supplies, some current. This is especially important in class AB stages
regulated, whereit is desirablethatthe sumof theeffective trans-

conductances of both halves be high and be constant
1.3 Biasing and Thermal Stability with current so as to avoid crossover distortion. It can

be seen from Fig. 3 that approaching this conditionModern complementary MOSFETs, with maximum
with power MOSFETs requires fairly substantial bias"on" resistances of only about 0.3 _, are almost as

efficient as bipolar transistors in terms of voltage current (as a rough starting point, that current where
transconductance is one-half its high-current asymptotic

nam-reel value), on the order of a few hundred milliamperes.

Source D_ain In contrast, bipolar power transistors are typically
biased at a much lower current, but this is not entirely
advantageous. A typical bipolar output stage will often
be biased approximately where the dynamic emitter
resistance of the output devices (1/gm) at crossover is
equal to the associated ballast resistance as a compro-
mise in achieving approximately constant total output

P stage transconductance as a function of current. This
p+ is done because both halves are on and contribute

transconductance in the crossover region, while only
subst, rate one-half contributes transconductance at currents well

(a) outside the crossover region. This often results in bias
currents of less than 100 mA per output transistor,Channel Sourc_ Channel
sometimes as low as 20 mA. This small amount of bias

current compared to several amperes of signal current
being handled can sometimes result in unexpected
temporary bias inadequacy, resulting in crossover dis-

tortion, because a small change in circuit parameters
t, P (about 50 reV) can cause the bias current to vary con-

siderably. Bipolar output stages can be operated in an

N overbiased mode, but the penalty can be dangerously
N+ reduced thermal stability if larger heat sinks are not

used, or increased crossover distortion if larger ballast
Drain resistors are used. Compared to bipolar designs, class

(b) AB MOSFETpower output stages tend to have a wider
class A region of operation (because of their higher
bias current) and a smoother transition to the class B
region of operation.

Becauseof theirrelativelystrongnegativetemper-ature coefficient of base-emitter voltage for a fixed

collector current, bipolar transistors in output stages
require a thermal feedback loop and emitter ballast

sIuco,aAT[ m,u_,ING resistors to stabilize bias over temperature changes.
C.*.._L ,ox,_ The bias voltage is usually generated by several forward-

biased junction voltage drops, some portion of which
is placed on the heat sink to provide the thermal feed-

SOURC_G*TEOX,D_ back. As the heat sink gets hotter, the bias voltage
decreases, providing stabilization. The percentage of

"TRANSISTOR" DRAIN DRAIN "TRhlNt$llrrOR"

C"""ENT CURRENT the bias derived from the heat sink reference is im-

DIDOECURRE._ portant. If it is too small, the bias will be undercom-

(c) pensated, and the amplifier will be overbiased when
the heat sink is hot as a result of large program signals.

Fig. 1. Power MOSFET structures. (a) Lateral [2]. (b) Vertical
DMOS [2]. (c) Cellular layout of International Rectifier Conversely, if the percentage is too large, the amplifier
HEXFET vertical DMOS transistor [31. will be overcompensated and will be underbiased fol-
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Fig. 2. Drain and gate characteristics for power MOSFET types. (a), (b) IRF-132. (c), (d) IRF-9130.

lowing a high-dissipation interval.
Unfortunately the sensing junction on the heat sink

is usually not at the actual junction temperature of the "_"°"_ _.__._
power devices. Thermal attenuation, low-pass filtering, _.o
and delay exist between the power junctions and the

sensor, resulting in a high-orderfeedbackloop whose ...........
thermal transient response is not always well damped.
At best, bias will only be correct on the average; it

will not track fast program-induced thermal differences , _.0between the power junctions and the heat sink [4]. The

exercise of adjusting for optimum bias under static _ ,._conditions is thus relatively ineffective.
Thermal bias stability for the power MOSFETs is

much better than that for bipolar transistors, even though _.o

the vertical DMOS devices have a Vgs temperature
coefficient of about -5.0 mV/°C at a typical bias current o._
of 150 mA. The difference can be seen by evaluating

the thermal sensitivity Sm, here defined as the fractional 0 I I

0.8 1,0 l.t*

change in collector or drain current per °C rise in case ..... _ 0_ _.'_ID, Amperes

temperature with a fixed base or gate voltage.

Fig. 3. Power MOSFET transconductance versus drain cur-
TCv · gm rent. For comparison, note much greater ratio of transcon-

STH -- lb ductance to operating current typical of bipolar transistors.
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where TCv is the base or gate voltage temperature coef- at a specified gate voltage is important. Specifically,
ficient for constant collector or drain current, gm is the recognizing that the gate threshold voltage specification
stage transconductance (including the effect of emitter for thesedevices is 2-4 V, an examination of the gate

ballast resistors if present), and lb is the nominal bias transfer characteristics of Fig. 2 indicates'that a very

current. For a bipolar design- biased at 80 mA with serious current imbalance can exist unless gate threshold ..
0.33-llemitter-.resistors, STH = 0.0427°C. For aMOS- voltages among'paralleled devices are reasonably
FET stage biased at 150 mA with no source resistors matched. It is also'apparent that reasonable temperature
and a device transconductance.of 0.5 S, STH = 0.017/ differentials will not adequately reduce the imbalance.

°C,-better by a factor of 2.5. This is especially true if a common heat-sink is em:
Thermal bias stability of an amplifier can be evaluated ployed. Because of the size of the worst Case th?esfiold '_' '

.by running it at one-third rated power into an 8-1_ re- voltage differentials possible, source ballast'resistors
sistive load for 10 min and .then:plotting the measured are not a reasonable approach to achieving 'balance_
bias current as a function of time. after the signal and It thus appears thatfor high-quality audio applications "
load are removed· This will provide the ,equivalent of where paralleled devices are necessary, both threshold
a step response for the thermal feedback loop. Fig. 4 voltage and transconductance of paralleled:devices
presents the results of such an exercise for four amplifier should be matched. Matching that guarantees that a'll
designs: an undercompensated' bipolar, an overcom- devices are carrying _+50% of their nominal'cfirrent
pensated bipolar, an uncompensated MOSFET, and the share in the quiescent bias state, and _+25% of their

slightly overcompensated MOSFET design to be pre- share at high currents is probably adequate. For the IR
sented in Section 2. All of the amplifiers had identical devices used here, VGs matching of +0.-1V at 50 mA

rail voltages, power ratings (50 W) and heat sinks, and + 0.25V at 4 A will typically satisfy this matching
The first 10 s illustrate the effect of the faster power criterion.

transistor thermal time constant, while the remaining
time illustrates the heat sink time constant. Notice that 1.5 Speed and Input Capacitance

both bipolar cases are actually very overbiased during Power MOSFETs tend to be inherently faster thanand immediatelyfollowingthe high-dissipation"pro-
gram" interval because the power junctions run hotter bipolars, partly because there are no minority carrier

than the heat sink due to thermal resistance from junction effects. Their speed is primarily limited by the ability
to heat sink. Overcompensation cannot reduce this ef- of the drive circuitry to charge the internal gate electrode
fectively and will result in a seriously underbiased capacitance through the effective gate resistance. With

7 _ of gate resistance and 700 pF of gate-source (input)condition at other times. In comparison, the compen-
capacitance (tyFical values), transconductance for these

sated MOSFET design has much greater short-term devices is down 3 dB at about 32 MHz. Another im-
and long-term thermal bias stability. Even the uncom-
pensated MOSFET'design has better thermal perform- portant measure of speed is transconductance divided
ance than the bipolar designs, suggesting that smaller by input capacitance; when multiplied by 2_, this is

essentially theft for a bipolar transistor. For these power
vertical DMOS amplifiers (say, below 50 W) with good MOSFETs operating at 1 A with a transconductanceheat sinking can probably be made without thermal

of 1.5 S, this figure is 341 MHz.feedback. The lateral power MOSFETs mentioned in
The wider bandwidth, reduced excess phase, andSection 1.1 appear not to require thermal feedback

under any normal conditions, reduced variation of device speed with voltage and
current tend to allow greater high-frequency negative

1.4 Paralleling Power MOSFETs
I I I I I IIII I I I I I IIII I I I I [ I I I

While bipolar transistors are regularly placed in par-
allel with small individual emitter ballast resistors, the SOB

BIAS CURRENT vs. TIME

paralleling issue is not as straightforward for power

MOSFETs, at least in linear applications. It has been _ _c_
said that the negative temperature coefficients of trans- 200__ c._

conductance and "on" resistance of MOSFETs act to _ 10o_-'"""'"'"---4_-_
suppress current hogging by one transistor, thus per-

mitting easy paralleling of MOSFETs without ballast _ ,o _(b_resistors. This appears to be true for hard-switching
applications where the paralleled devices are all fully
turned on together (i.e., channels fully enhanced by 20

forward gate voltage) so that current and dissipation io .................... . ....
imbalancesare only a result of mismatched "on" re......................
sistance. ,IRE,S,co._

However, the issue is more complex for linear, and Fig. 4. Output stage bias current as a function of time after

especially low-distortion, applications because the op- removal of signal and load, illustrating thermal bias stability.
(a)--undercompensated bipolar; (b)--overcompensated bi-

erating region of interest is not the fully turned on polar; (c)--uncompensated vertical DMOS; (d)--slightly
region, but rather the linear region wherein drain current overcompensated vertical DMOS.
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