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Abstruct —A K-band Iow-dktortion GaAs power MESFET has been

developed by incorporating a ptdse-type channel doping profile using

molecular beam epitaxiaf technology and a novel 0.3 pm T-shaped gate.

The low-distortion FET’s offer about 10 to 15 dBc improvement in

second-harmonic distortion compared to devices fabricated on a uniformly

doped active layer. Significantly larger power load-pull contours are ob-

tained with the low-distortion devices, indicating the improved linearity of

these devices. In an 8-20 GHz single-stage broad-band amplifier up to 10

dBc improvement in harmonic performance has been achieved using the

low-distortion device. This low-distortion device exhibits very linear trans-

conductance ( Gw ) as a fnnction of the gate bias ( V~). A typical 750 pm

gate width device is capable of 26 dBm of output power with 6 dB of gain,

and power-added efficiency in excess of 35 percent when measured at 18

GHz. At 25 GHz the device is capable of 24 dEim of output power with 5

dB associated gain.

I. INTRODUCTION

T HE DESIGN and application of high-performance

broad-band GaAs FET power amplifiers places a

severe demand on the harmonic and intermodulation dis-

tortion characteristics of FET’s. Microwave power FET’s

are finding increasing usage in communications applica-

tions and in the design of test equipment requiring ex-

tremely linear performance. For a narrow-band amplifier

only the close-in distortion products, such as the third-order

intermodulation distortion, are of primary concern to the

designer. However, in a broad-band amplifier with more

than one octave bandwidth the second-harmonic distortion

is also of significant concern to the circuit designer.

The intermodulation–distortion characteristics of GaAs

FET’s and their relationship to device parameters and

doping profiles have been studied and reported by various

workers [1]–[5]. In this paper, we deal mainly with the

second-harmonic distortion characteristics of the GaAs

FET and its relationship to device parameters and doping

profiles. Two important device nonlinearities, namely

transconductance ( Gm) and drain conductance (G~), were

analyzed and measured under various bias conditions.

Their relative contributions to the harmonic distortion

were analyzed by comparing the GM and Gd nonlinearity

of standard GaAs FET’s with the low-distortion FET’s.

The design, fabrication, and performance of low-distor-

tion GaAs power FETs designed for operation up to
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K-band will be described. The design and fabrication of an

8--20 GHz broad-band amplifier using both standard and

low-distortion devices will be presented, and the perfor-

mance of these amplifiers will be compared.

II. SECOND-HARMONIC DISTORTION

AND DOPING PROFILE

Theoretical analysis [1]–[4] has shown that the dominant

contributors to the distortion in GaAs FET’s are the

variation in the transconductance Gm with the gate voltage

(F’g), and the variation in drain conductance Gd with the

drain voltage ( Vd). The following equations relate these

device characteristics with the second-harmonic distortion

of the device (see the Appendix for derivation).

For Gm nonlinearity only,

second-harmonic/fundamen tal = Gmlvg/2Gmo (1)

where Gml = dGDz/dV~.

For G~ nonlinearity only (i.e., G~l = O),

GdlG~Ovg
second-harmonic/fundamental = (2)

2(G~0 + G~)2

where Gdl = dG~/dV~.

The ratio of the second harmonic to fundamental as

given by (1) depends upon the input signal level ( rJg) and

the ratio G~l /G~O, where G~O is the transconductance at

quiescent bias point. Similarly, from (2) the second

harmonic is also dependent on the derivative of the output

conductance. Both nonlinearities contribute to the total

harmonic distortion of a FET.

It has been shown that tailoring of the doping profile is

a powerful technique for achievirlg G~ linearity [6]. The

relationship between the derivative of the transconduc-

tance Gml and the channel doping profile of a FET is

expressed in the following relationship:

dG~ 6:ZV
G.l=—––—

dV~ – qNX;

where N is the doping concentration,

(3)

Xd is the gate
depletion depth, V, - is ‘the electron veloc~t y, c~ is the

permittivity of GaAs, Z is the total gate width, and q is

the electron charge. For minimum (Snl, i.e.. constant Gw, ‘d

should be maximized.

0018 -9480/’88/0600-1023 $01.00 @1988 IEIEE



IEEE TR4NSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO. 6, JUNE 1988

GmllGmo VS X, ( Vg= -0.5 V )

1

(b) I
I

250 500 750 1000 1250 1500

x, (A)

Fig. 1. G~l /Gw,o ratio versus thickness (Xl) of the low-doped layer
(Nl = 3X1016 cm-3, N2 = 5X1017 cm-3, c~ =13.1 (., +, = 0.85 V).

A design of the channel doping structure that can maxi-

mize the depletion width under the gate is shown in Fig.

l(a). The expression for the depletion width ( X~) for such

a structure can be derived from Poisson’s equation. Taking

the electric field at the depletion edge to be zero and

continuous across the iVl and Nz interface (Fig. l(a)), the

potential can be solved individually for each layer through

integration and then combined. The result can be re-

arranged to give Xd:

X~ = [2c~/qN2(@I – V,) +(1 - N,IAW:] 1’2 (4)

where O, is the built-in potential.

Equation (4) indicates that to maximize X~ we need to

make NI << Nz and the thickness (Xl) of the NI layer

large.

By having the gate metal located in a low-doped region

(Nl), the zero-bias depletion region can be extended slightly

beyond the interface of the low-doped NI layer and high-

doped Nz layer, thereby making the X~ larger than the

thickness of the low-doped NI layer. The product of
thickness and doping of the high-doped (NJ) layer is

predetermined by the desired current density of the device.

Using (3), (4), and the expression for G,. [6], the ratio

G~l/G~O (which is proportional to the ratio of second-

harmonic output to fundamental output) is plotted versus

the thickness (Xl ) of the low-doped NI layer as shown in

Fig. l(b), indicating that low values of Q~l/G~O can be

reached with an (Xl) thickness of 1000 A or more. This

improvement in G~ linearity can result in an improvement

in second-harmonic distortion by as much as 10 to 12 dB

over a uniformly doped device as calculated by (1).

In order to fully realize the harmonic improvement due

to the improvement in G~ linearity, it is important also to

keep the harmonic distortion due to G~ nonlinearity small.

The parameter Gd and its variation with drain voltage are

among the least understood and controllable device

parameters. They are affected by several parameters, in-

cluding gate length, channel thickness, substrate resistivit y,

and substrate–channel interface effects [6]–[8]. To mini-

PISCES Simulation
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—. ——
1 2 3456789 10 11
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1 23 4 56 T 6
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Fig. 2. Drain conductance ( Gd ) versus drain voltage for different surface
N+ thicknesses, (a) Simulated results with PISCES. (b) Experimental

measured results. Surface N+ doping IS 1 x 101s cm – 3 in all cases.

mize the effect of substrate defects on G~, a superlattice

layer which consists of alternating layers of undoped

AlGaAs and GaAs is incorporated as a buffer between the

active channel and the substrate. The other important

parameter which can affect G~ is the conductivity between

source and drain of the channel as determined by the

active channel thickness and its doping including the

surface N+ layer that is used to lower the parasitic resis-

tances. Equation (2) indicates that to lower the harmonic

contribution from G~ nonlinearity we need to minimize

Gdl and maximize G~O. The effect of the surface N+ layer

on Gd and Gdl was simulated using PISCES-IIB. a two-

dirnensional numerical modeling program [9]-[11].

Fig. 2(a) is a plot of output conductance Gd versus d~ain

bias for surface N+ thicknesses of 600 A and 300 A as

calculated by PISCES-IIB. Fig. 2(b) is a plot of measured

Gd versus Vd, which is obtained by first measuring small-

signal S parameters of devices with different N + thick-

nesses at various drain voltages. G~ was obtained from the

real part of the device output admittance YZ2 measured at

575 MHz. As Fig. 2 illustrates, measurements of G~ versus

V~ on devices with different surface N+ thicknesses show

the same trend and shape as seen with the simulated

results. It can be seen that the device with 600 ~ N +
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surface layer has smoaller aver~ge slope (Gdl) and larger Gd

than those of 300 A or 400 A N+ surface layer devices.

However, the conductivity of the channel or the thickness

of the N + layer also has a strong effect on the gate-to-drain

breakdown voltage [12]. An N+ thickness of 600 ~ was

chosen in order to get a breakdown voltage greater than 12

V while minimizing the nonlinearity due to Gd. The result-

ing design of the device doping profile is show in Fig. 3.

It can be shown that dCg/dVg, the derivative of gate

capacitance, has the same dependence on depletion width

( Xd) as G~l. Even though our simplified analysis of

harmonic distortion does not include C,, nonlinearity as a

source for distortion, improvement in C8 nonlinearity via

the doping profile for G~ linearity can also result in a

further improvement in harmonic distortion.

III. DEVICE FABRICATION

Top and cross-sectional views of the low-distortion lC-

band GRAS FET are shown in Fig. 4. The device consists

of two cells, each having ten 75 pm wide gate fingers

which are combined by source air bridges to form a 750

Lm wide cell. A Varian Gen II molecular beam epitaxial
system was used to grow the different epi layers shown in

Fig. 4. A superlattice buffer which consists of alternating

layers of undoped GaAs and AlGaAs material is incorpo-

rated between the active layer and the substrate to improve

the interracial quality of the active layer and the substrate

1025
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Fig. 4. Top and cross-sectionsl views of the K-bsnd low-distortion
GaAs FET.

[13]. During the MBE growth, two silicon sources are

employed as N-type dopants for the active layers to ensure

the sharp interface between the high-doped layers and the

low-doped layer. The resulting doping profile is measured

and shown in Fig. 3. The ability of MBE to reproduce

closely the desired profile is excellent. After the epitaxial

growth, a layer of CVD Si02 Mm was deposited on the

wafer. The ohmic contact (NiCr, Ge, Au) was formed by a

photoresist lift-off technique after the Si02 was chemically

removed in the contact regions. The devices were isolated

using H+ ion implantation. Gate lengths of 0.3 pm were

achieved using, optical photolithography by evaporating

aluminum at an angle into a 1.0 pm wide opening in the

photoresist. The photoresist sidewall obstructs the cover-

age of the evaporated alurnim.um, resulting in a 0.3 pm

opening of exposed Si02. The Al acts as a mask during the

subsequent reactive ion etching of the exposed SiOz. The

Al and photoresist were then removed and a 1.0 pm gate

opening again patterned into a new photoresist film. The

1.0 pm opening is centered about the 0.3 pm line etched

into the Si02. Subsequent gate processing involves the

formation of a gate trough by etching GaAs material in the

0.3 pm exposed region and the formation of the gate by

photoresist lift-off of the deposited Ti/Pt/Au metal. The

result is a unique, Si02 self-passivated, 0.3 pm T-shaped

gate structure shown in Fig. 4 [14]. The typical gate metal

resistance is 0.04 Q/pm. The fin.ish:d gates were protected

from surface damage with 3000 A of SiO. The smaller

interdigitated source pads were connected to three large

source pads through the use of Au-plated air bridges
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Fig. 7. Maximally efficient gain versus frequency for(a) low-distortion

and (b) uniformly doped device (with Vd, =6 V and ld, =50 percent,

75percent, andlOO percent of Id,, bias conditions).

IV. DEVICE CHARACTERISTICS

Typical dcG~ versus Vgcharacteristics of thelow-distor-

tion FET and the standard FET fabricated on a 2 x 1017

cm–3 uniformly doped epi structure are shown in Fig. 5.

The pulse-doped low-distortion device shows significantly

more constant G~ versus Vg, than the standard uniformly

doped device. Microwave characteristics of the devices

were measured by bonding each device on a 50 L? coplanar

alumina substrate. S parameters of the devices were mea-

sured with an HP851O Network Analyzer up to 26.5 GHz.

Fig. 6 shows the measured S parameters under different

gate biases. The pulse-doped device shows significantly

smaller variation in S parameters versus gate bias than the

uniformly doped device. The insensitivity of the S parame-

ters to the gate bias is an indication of linearity of the

device at microwave frequencies. Device maximally effi-

cient gain [15] versus frequency calculated from measured

S parameters for both types of devices is plotted in Fig. 7,

wafer 881

s21 2.0/d!v Max. rad]us 10

S12 : 0.051dlv Max rad, us 0,2

(a)

wafer 444

S21 2,01d, v Max. radius 10

S12 : 0.51dlv Max radius 0.2

(b)

Fig, 6. ,!-parameter measurement from 0,5 to 26.5 GHz for (a) low-dis-

tortion and (b) standard uniformly doped device. (With Vd,, = 6 V and
Id, = 50 percent, 75 percent, 100 percent of id,, bias conditions.
Markers indicate 1,2,5,10,20 GHz respectively.)

spanning across the gate feed. The air bridges were fabri-

cated using a double photoresist procedure. The wafer was

then lapped to a thickness of 70 pm and source contact

was made by chemically etching via holes from the back of

the wafer and plating gold to a thickness of 20 ~m. The

thick backside metal serves as a low-inductance common

source connection and thermal heat sink for the device.

The thermal resistance for the 1500 pm device was 25°C/W

as measured using liquid-crystal techniques.
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Fig. 9. Measured output power versus gain characteristics on pulse-

doped FET at 18 GHz and 25 GHz (gate width = 750 pm).

showing usable gain up to 26 GHz. The gain of the

pulse-doped devices shows significantly less variation with

gate bias than the uniformly doped device.

Large-signal device characteristics, up to 25 GHz were

measured using a 2–18 GHz load-pull system (Fig. 8) and

an 18–26 GHz waveguide load-pull system with active-load

tuning [16]. Typical measured device gain versus output

power for 18 GHz and 25 GHz is shown in Fig. 9. The

gain and output power characteristics were very similar.

Presented in Fig. 10 are the power and efficiency of the

pulsed-doped device at 18 GHz. One dB gain compression

output power is 26 dBm with 6 dB gain and power-added

efficiency of 35 percent for a 750 pm wide cell. Load-pull

contours were also measured for both pulse-doped and

uniformly doped types of FET’s. A typical set of data

comparing the two types is shown in Fig. 11. The pulse-

doped FET had larger contours than the uniformly doped

FET; this desirable characteristic is believed to be a direct
result of the improved linearity achieved with the pulsed-

doped device. The harmonic distortion of the device was

characterized using the HP8566B spectrum analyzer sys-

tem shown in Fig. 8. The second-harmonic distortion was

measured at various input power levels and output load

conditions. Shown in Fig. 12 is a plot of second- and

- 40%

- 30% <
Q

- 20’%

- 1o%

i
Pin ( dBm )

Fig. 10. Power and power-added efficiency versus input power of the

750 pm low-distortion FET.

third-harmonic distortion versus power at 3.5 GHz for

uniformly doped and pulse-doped devices. Up to 10 dBc

reduction in harmonic distortion is achieved using pulse-

doped devices. Measurements at other frequencies yielded

similar results. It is believed that this improvement is in

large part the result of the improvement in G~ linearity

and the results correlate well with the improvement pre-

dicted by (l).

V. AMPLIFIER DESIGN AND RESULTS

A single-stage 8 to 20 GHz amplifier was designed and

constructed in order to evaluate and compare the large-

signal performance characteristics of the uniformly

doped and pulse-doped FET’s. The design approach was

to 1) experimentally measure the output loads which opti-

mized output power as a function of frequency, 2) use this

information to design a broad-band output load, and then

3) use the measured small-signal S parameters in conjunc-

tion with this output load to design an input matching

circuit which optimized transducer gain over the 8 to 20

GHz design range.

The large-signal output load information was obtained

from the 2 to 18 GHz load-pull system. Shown in Fig. 13 is

a typical set of output load data for a uniformly doped

FET, together with the model which was fit to the data.

This model yields a best-fit approximation to the complex

conjugate of the measured large-signal reflection coeffi-

cients, and has been found useful for purposes of com-

puter-aided design. Measurements of the pulse-doped FET
yielded similar results, so only one output circuit design

was required.

Using the large-signal conjugate output load model of

Fig. 13, an output circuit was designed to achieve a good

“power match” over the 8 to 2!0 GHz frequency range.

With a simple high-pass topology it was possible to ap-
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Fig. 12. Second- and third-harmonic distortion of the pulse-doped and

uniformly doped devices.

proximate the optimum output large-signal load with a

mismatch error of less than 0.5 dB over this frequency

range. Small-signal S parameters were then used to design

the input matching network, which utilized a low-pass

topology. A schematic diagram of the resulting amplifier is

shown in Fig. 14. This design was implemented in micro-

strip, usiqg 0.005 inch thick sapphire substrates. Shown in

Fig. 15 are the experimentally measured small-signal gains

of both the uniformly doped and pulse-doped FET ampli-

fiers. These results are in good agreement with computer

simulations, with the measured gain at 20 GHz approxi-

mately 1 dB below the calculated gain, which is reasonable

since no provision for circuit dissipation loss was included

in the simulation.

The output power capabilities of the two amplifiers were

also similar, with saturated output power of 25 to 26 dBm

over the 8 to 20 GHz frequency range. The major dif-

ference between the two amplifiers, as expected, was in the

level of second-harmonic distortion. Shown in Fig. 16 is a

comparison of the measured second-harmonic distortion

for the two amplifiers as a function of frequency at 20

dBm power output. The pulse-doped FET amplifier had

second-harmonic distortion lower than the uniformly doped

FET amplifier by about 10 dB over the 8–20 GHz

frequency band.

The significant improvement in second-harmonic distor-

tion obtained with the pulse-doped FET is useful only if

the distortion products arising from higher order nonlin-

earities are also small. Third-order effects were evaluated

by measuring the thir&harmonic distortion, and the

third-order two-tone intermodulation products. Shown in
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Fig. 14. A schematic diagram of the one-stage amplifier.

Fig. 17 is a comparison of the third-order two-tone inter-

modulation products for the two amplifiers. The pulse-

doped FET amplifier exhibited third-order distortion

products less than those of the corresponding uniformly

doped FET amplifier.

VI. SUMMARY AND CONCLUSIONS

The design, fabrication, and performance of low-distor-

tion K-band power FET’s have been presented. The de-

vices utilized a pulse-doped-type epi structure grown by

molecular beam epitaxial techniques to achieve a very

linear characteristic in transconductance versus gate volt-

age, which in turn reduced the harmonic distortion of the

device significantly. The device features a novel 0.3 pm

— Pulse-dooed ~ ~,:=3
— Uniformly dooed r

4.s5 ,3

‘“~ho I I
.—.. -—-— —.. ——.— —___

21 / \—- ———– .–-— —-—– ---- .- .-

FREOUENCY (GHz)

Fig. 15. Measured small-signaf gain of amplifiers using (a) pulsed-doped
and (b) uniformly doped FET’s.

low-resistance T-shaped gate structure and low-inductance

source backside via contacts to achieve high power and

highly efficient performance up to 26 GHz. The design and

performance of an 8 to 20 GHz broad-band amplifier have

been presented and a 10 dBc reduction in second-harmonic
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distortion has been achieved by using the low-distortion

device as compared to a standard device fabricated on a

uniformly doped epi structure.

APPENDIX

DERIVATION FOR SECOND-HARMONIC DISTORTION

DUE TO Gm AND Gd NONLINEARITIES

This appendix derives expressions (1) and (2), which are

the ratios of second-harmonic to fundamental due to the

contribution from G~ and G~ nonlinearity, respectively.

L-.EEI!’
Fig. 18. Simplified equivalent circuit model for a FET.

The voltage dependence of these nonlinearities may be

represented by a power series of the form

G~ ( Vg) = G~O + G~lVg + G~2Vg2 + GW3V: + . . . (Al)

G~(V~) = G~o + GdlVd + Gd2V$ + G&: + . . . (A2)

where Vg and Vd represent the incremental deviations of

the gate and drain voltages from the gate and drain bias

voltages, respectively. Assuming a simple second-order

nonlinearity, (Al) becomes

Gm= Gmo+ GmlVg. (A3)

Similarly, for a simple second-order nonlinearity (A2) be-

comes

Gd = Gdo+ GdlVd.

From Fig. 18,

Vd/V~= –Gm/(Gd+ GL).

For G~ nonlinearity only (i.e., Gdl = O),

Vd = – (G&+ Gm@/(G~o + GL).

Assuming

v-g= Ugcosd

we obtain

Gmougcos tit+ ;u;Gml(l + cos2(Jt )
Vd =

(Gdo + GL)

This yields the result

(A4)

(A5)

(A6)

(A7)

second-harmonic/fundamental = G~lUg/2G~o. (A8)

For Gd nonlinearity only (i.e., GM1= O) from (A5), we get

– GmoV~

‘d= (Gdo + GL){l+ [Gdlvd/(Gdo + GL)]} “ ‘A9)

Assuming

G(iIh/(Gdo + GL) <<1

we get

– GmoV~ GmoV~GdlVd

‘d= (Gdo+ GL) + (Gdo + GL)2
(A1O)

– %novg/(Grio + G~)
(All)

“ = I – [GmoV,Gd,/(Gdo + G.)’] “
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Assuming

Gmo?’’gGdl/(Gdo+ G]<) -==<1

– GMoV~

(

GmoV~Gdl

)‘d= (Gdo+GL) 1+ (Gdo+GL)2 “
(A12)

Substituting V~= u~cos d,

– GmovgCOS(dt
Vd =

G; OGdlf#(l + cos2d)

Gdo + G= –
(A13)

2(Gdo + GL)3

second-harmonic GdlGwoUg

fundamental = 2( Gdo + G~)2 “
(A14)
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