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Analysis and Improvement of Intermodulation
Distortion in GaAs Power FET’s
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Abstract—Tailoring of the doping profile is a powerful tool in reducing
the intermodulation distortion (IMD) in GaAs power FET’s. Reproducible
and uniform preparation of the required profiles is a difficult task for
epitaxial techniques. This shortcoming has motivated the present investiga-
tion of fabricating highly linear power FET’s by ion implantation. An
analytical device model was developed for exploring the relationship
between the active layer profile and the IMD. These calculations revealed
a complex behavior in the variation of the distortion levels due to partial
correlation between the contributions arising from nonlinear transconduc-
tance and output conductance. The device model was used to identify
implant doses and energies for approaching an optimum active layer
profile. Based on the results, a deep Se implant followed by a shallow
compensating Be implant to reduce the doping level close to the surface
was used in the device fabrication. The IMD of the transistors was
measured by the two-tone method. Conventional epitaxial FET’s with a
flat doping profile were evaluated for comparison purposes. This compari-
son demonstrated that a 4-dB increase in the intercept point for the
third-order intermodulation product can be realized by using the tailored
implanted profile. The experiments demonstrated that the tuning condi-
tions for maximum output power and minimum IMD are virtually identical
for the implanted transistors, in contrast to the behavior of conventional
devices with flat doping profiles. These performance advantages, coupied
with the high levels of uniformity and reproducibility of doping parameters,
show ion implantation to be a powerful technique in the fabrication of
highly linear power FET’s.

LisT OF SYMBOLS

A Amplitude of signal at frequency f;
B Amplitude of signal at frequency f,
Be* Beryllium implantation

CAV) Drain-to-source capacitance

C(V) Gate-to-source capacitance

Con Polynomial coefficient of gate capacitance for
the nth power

fihh Two RF frequencies simultaneously applied tg
the amplifying device

G,(V)  Device transconductance

G,V)  Device drain conductance

G, nth power polynomial coefficient of transcon-
ductance

Gy nth power polynomial coefficient of drain con-
ductance
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L) RF current in the gate

L(® Device RF drain current

I Device drain current at f;

L.,+ng, Device drain current at mf, + nf,

mfxnf, ~Device drain current at mf, + nf, due to trans-
conductance distortion

L+, Device drain current at mf, + nf, due to drain
side distortion

L, Load tuning inductance

L Gate tuning inductance

o Charge on the gate capacitance

R, Signal source resistance

R; Load resistance

Se* Selenium implantation

Vs () Instantaneous gate voltage

V, RF gate voltage

Veo Gate bias voltage

v, RF drain voltage

Vo Drain bias voltage

Vi (8) Instantaneous drain voltage

Y, Complex load admittance.

I. INTRODUCTION

HE GaAs field effect transistor has emerged as a
highly attractive device in power amplifier applica-
tions through the demonstration of multiwatt power out-
put levels at X-band frequencies with power added
efficiencies of up to 40 percent. Initial explorations in the
design of linear amplifiers have shown that the behavior
of nonlinear distortion, characterized by third-order inter-
modulation distortion (IMD) levels, is complex and needs
to be better understood by both the device designer and
the systems user [1]-[3]. Williams and Shaw [4] suggest the
use of “graded” profiles to improve the IMD behavior of
GaAs FET’s and accompany this suggestion with support-
ing experimental results. The present work is aimed at
providing a more complete understanding of the sources
of IMD in a FET by studying their relationship to various
doping profiles, and of how a better profile with respect to
improved linearity may be obtained by ion implantation.
Implantation offers considerable flexibility in profile
tailoring by employing multiple implant energies, doses,
and doping species. Calculations of theoretical profiles
were carried out and used in conjunction with device
modeling and distortion analysis in order to identify im-
proved implant profiles for linear power FET’s. These
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calculations are discussed in Section IT and show that a
deep Se implant with a subsequent shallow compensating
Be implant of moderate dose can furnish active layers for
power FET’s with highly linear characteristics. The calcu-
lations verify the complex nature of the distortion in
GaAs FET’s in that dips in the IMD levels as a function
of input power can be predicted and explained.

A brief outline of the device fabrication is presented in
Section 111, including doping profiles resulting from com-
bined Se+Be implants. The contact deposition and
pattern definition essentially follow the technology estab-
lished for fabricating low-noise FET’s [5].

RF measurement procedures and results are discussed
in Section IV. The main conclusions of the device model-
ing are confirmed by the measured results. A 4-dB
improvement in the intercept point for the third-order
intermodulation product was achieved from a Se+ Be
implanted FET compared to a conventional device em-
ploying a flat doping profile. Also, the strong correlation
in the sources of nonlinearity was confirmed by the ob-
servations of sharp dips in the third- and higher order
intermodulation products as functions of the input power.

II. IMD

A. Device Modeling

The simplified equivalent circuit of a tuned GaAs
power FET amplifier (Fig. 1) will be used to highlight the
primary sources of nonlinear behavior. The nonlinearities
in the FET can be accounted for by introducing ap-
propriate variations in the equivalent circuit elements as
functions of the instantaneous drain and gate voltages. A
good approximation of these functional dependencies can
be obtained from static calculations. Such calculations
show that the dominant contributions to nonlinear re-
sponse can be expected from the variation in transconduc-
tance G,, with gate voltage and in the drain conductance
G, with drain voltage. Additional contributions arise from
the voltage dependence of the gate-source capacitance o
It will be assumed that the static capacitance between the
source and the drain is much larger than the variable
contribution, so that the drain capacitance may be
assumed to contribute very little IMD.

Mathematically, it is convenient to represent the varia-
tion in the equivalent circuit elements in a Taylor series
around the operating point. By this approach, the trans-
conductance can be written

Gm(V)=Gm1+Gm2Vg+ Gm3VgZ+Gm4Vg3+... (1)

and therefore, the device RF drain current would be given
by the terms

1= 6 (vyav

V2 V3 4
g
=G Ve + G-+ G,,,3Tg + Gm4Tg +eee

)

$C78-1467-1

R
S

L
q
¢ (V)J— ]Vg 6 W)
q m
R
9g

AAA

Fig. 1. Equivalent circuit of a power FET in a tuned amplifier.

where

specifies the instantaneous deviation of the gate-source
voltage from the gate bias V. In determining the expan-
sion coefficients G,,, a polynomial fit is made to the
calculated variation in the transconductance from a for-
ward gate voltage of 0.5 V to a reverse voltage corre-
sponding to pinchoff. The variation in G,, with drain bias
is neglected by averaging this variation over the typical
range of drain voltages.

A corresponding expression can be written for the drain

output conductance as a function of the drain voltage
Gy(V)=GCp+ GpVy+ GpVi+GuVi+- - (4
where
Vi=Vai(1) = Vo (5)
represents the instantaneous deviation in the drain voltage
from the bias voltage V. The dependence of G, on gate
bias has been neglected by averaging this variation over
the gate voltage range. The drain voltage range used in the
calculation of the expansion coefficients extends from half
of the saturation voltage to twice the drain bias voltage.
An analogous expression to (1) and (4) expresses the
capacitance C, as a function of the instantaneous signal
voltage V, (9):

C(V)=Cy+ CuV + CyV 2+ CyuV2--+ (6)

The effective impedance of this capacitance is derived
from the equation

Lo=gl0)=5[ [“qma] o

and from this relationship the IMD current levels due to
the nonlinearity of C, (V) can be derived. However, the
distortion due to this source is generally found to be
small. Therefore, the main effect of the capacitance varia-
tion with voltage is seen to be a detuning effect with
increasing signal drive level which gives rise to the some-
times observed gain expansion effects.

The expansion coefficients of C (V) are derived from
static calculations. As expected, calculations show that all
the expansion coefficients such as G,,,, G,,, and C,, are
dependent on the doping profile of the active layer. These
coefficients can be used in turn to calculate IMD products
using the methods of Tucker and Rauscher [6].

B. Carrier Profile Modeling

Practically all modeling of GaAs FET’s has used ana-
lytical expressions derived from Shockley’s [7] early work.
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Fig. 2. Laminar layer models used in the modeling of GaAs FET’s
with variable carrier concentration profiles.

Pucel et al. [8] in a more detailed model have included the
effects of velocity saturation. These analyses of FET de-
vices depended upon the assumption of a flat profile of a
certain thickness for purposes of simplification. To
achieve the ability to deal with arbitrary profiles, numeri-
cal integration techniques have been adapted to the Pucel
model.

Fig. 2 represents the model used to calculate the effects
of nonflat profiles. The model deals with an arbitrary
profile by dividing up the thickness of the active layer into
150 laminar layers. The passage of an electron under the
gate region is modeled as having a region of saturated
velocity following the initial short section where velocity is
proportional to electric field. By observing the necessary
boundary conditions in the directions along and normal
to the charge flow, current may be established as a func-
tion of bias conditions. Also, gate capacitance, transcon-
ductance, and output conductance may be calculated over
any range of bias conditions.

The computer is programmed to accept an analytical
description of an active layer profile and to provide data
on devices of specified geometry. The polynomial expan-
sion coefficients describing G,,, C,, and G, over specified
ranges of bias V, and V, are obtained from the computer.

C. Comparison of Implanted and Epitaxial Profiles

The most common technique for preparing GaAs FET
active layers is vapor phase epitaxy. This approach offers
some flexibility with regard to carrier profile tailoring [4],
and has provided power FET’s with outstanding perfor-
mance. Therefore, it is of interest to compare the theoreti-
cal performance of FET’s with implanted and epitaxial
profiles in order to assess whether the intrinsic advantage
of ion implantation in terms of reproducibility and uni-
formity can be effectively utilized in the fabrication of
highly linear transistors.

This type of assessment will be carried out by compar-
ing the relative merits of an idealized epitaxial profile, as
described by Williams and Shaw [4], with abrupt doping
transition toward the substrate, and the profile resulting
from a 500-keV Se implant compensated at the surface by
a shallow 40-keV Be implant. These profiles are shown in
Fig. 3 along with a conventional flat doping profile, which
will serve as a reference for the predicted performance.
The devices modeled for this comparison were 500-um
wide gates of 1-um length with ohmic contact resistance
of 107% Q-cm?
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Fig. 3. Implanted and epitaxial doping profilés used in calculating the
IMD characteristics of GaAs FET.

TABLE 1
PoLynomiAL COEFFICIENTS OF TRANSCONDUCTANCE
G, (V)=GC+ G, V+G, V2 + G, V3 -

Ton Implant
Coefficient Flat_Epi Linproved Epi Se + Be
Gl 0.035 0.0355 0.031
G2 0.0058 0.004 0.0033
Gm3 -0.00045 -0.0007 0.00075*
Gm4 0.00033 0.00058 -0.000054
Gs 0.00146 0.0009 -0.0002
G 0.00005 -0-0001 0.000042
Gy -0.0002 -0.0001 0.0000448
Grg 0 .000005 0.000015 -0.0000047
TABLE I1

PoLYNOMIAL COEFFICIENTS OF DRAIN QUTPUT CONDUCTANCE
V=10V, Gy(V)=Gp+GpV+GpyV2+GyyV3- - -

Ton Implant
Coefficient Flat Epi Improved Epi Se + Be
Gdl 1.64 E-4 1.99 E-4 4.28 E-4
Gy -3.07 E-5 -4.19 E-5 -4.90 E-5
Gd3 1.13 E-5 5.18 E-6 ~2.23 E-6
Gas -1.37 E-6 7.62 E-7 1.23 E-7
Gys -3,92 E-7 -2.256 £-7 1.26 E-7
645 5.80 E-8 -8.47 £-9 -2.02 E-8
Gy7 6.20 E-9 5.40 E-9 2.00 E-9
Ggg -8.21 E-10 -3.41 E-10 -1.08 E~10

The modified Pucel model was used to derive the G,
and G, polynomial coefficients for these three profiles.
The results are shown in Tables I and II. It is important to
note that the magnitude of the fifth-order (G,,s, G;5) coef-
ficients is least for the ion implanted profile, promising a
better high power IMD performance. It is also noteworthy
that in the case of transconductance, G, is larger than
the G,,, coefficient for the flat profile device.



12 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-28, NO. 1, JANUARY 1980

TABLE 111
PoLyNoMIAL COEFFICIENTS OF GATE-SOURCE CAPACITANCE
®F/ V™Y, C(N)=Cp + CuV, + Cpy V2+ Cg4V3- ..

Flat Ton Implant
Coefficient Ep1 Se + Be
Cq1 0.2786 0.2482
ng 0.0467 0.0245
Cg3 0.0127 0,00029
Cg4 0.0004 0.0005
Cg5 -0.0016 -0.0003
096 0.0025 0.0002
Cg7 0.0012 -0.00004
ng ~0.0008 -0.00004

The corresponding coefficients for the gate-source
capacitance are given in Table III for the flat profile and
the Se+ Be implant. A comparison of the magnitude of
the coefficients for each order reflects the smaller varia-
tion in this capacitance versus gate voltage for the im-
planted profile, which should reduce gain expansion
effects and minimize IMD contributions from this source.

D. IMD

The calculated IMD is based on the normal two-tone
method. The calculations assume that the IMD voltage
levels are less than 10 percent of the voltage levels of the
two carrier tones. This assumption restricts the range of
validity of the calculated IMD levels to less than 20 dB
below the carrier level. This ratio is quite adequate for
analyzing linear amplifiers, as the operating point of inter-
est will be below this level. In the calculations of signal
power gain and IMD products, fixed values of R, the
source resistance, and R;, the load resistance, are used.
The value of load resistance R, is chosen to be 180 Q
rather than the value (G,)~'. This choice reflects the
usual condition for large-signal tuning, where the output
impedance of the device is much lower than (G,;)”". The
load impedance presented at the harmonic bands, ie.,
frequencies much higher than the signal frequency is
assumed to be very small.

Only third-order products have been calculated. Nor-
mally, it is assumed that the third-order coefficient (G,,;,
for instance) is much larger than the fifth- or seventh-
order coefficients (G,s, G,;); from Table I this is evi-
dently not so. From Tables I and II, it is seen that the
fifth-order coefficients can contribute substantially to
third-order IMD products. In fact, for moderate to high
signal levels, the transconductance contributes mainly
from its fifth-order (G,,s) term. This analysis contributes
new insight into IMD generation by taking into account
the contribution to third-order IMD products from the
higher order terms in the nonlinear devices.

Tables IV and V give some indication of a) how the
various coefficients contribute to the manner in which the
conductance (and susceptance) levels change as the signal
power level rises (Table 1V), and b) how each expansion
term adds to the various intermodulation frequencies
(Table V). The implications of Table IV are that optimum

TABLE IV
THE (w,) CURRENT COMPONENTS RESULTING FROM DRIVING A
NONLINEAR CONDUCTANCE G( V)= Gy + G,V + G4 V3 - - + WirH
A Two-ToNE SIGNAL V'= A4 cosw, i+ Beoswyt, I(f)= [ G(V)dV

Source Component Component 1f B = 0

GV A A
G5v343 0.2503 +0.50%8 0.2503
65v5:3 0.1258% +0.75a%72 + a37548" 0.1254°

TABLE V
THE CURRENTS CONTRIBUTED AT REPRESENTATIVE
INTERMODULATION FREQUENCIES BY THE INDIVIDUAL
COEFFICIENTS OF A NONLINEAR CONDUCTANCE G( V') WHERE
I(t)= § G(V)dV anD G(V)= G+ G,V + G3V2~ -+ AND
V=Acos(w;t)+ Bcos(w,yt)?

Two-Tone Test intermodulation Products
D 2 - fp 3f) - 2f, afy - 3f,
Source
65933 0.25A%5
Ggv%:5 0.25n%8 0.1258%2
0.375A%3

G7v7s7 0.234A58 0.2348%82 0.078p%3

0.937A%3 0.3127A34

0.468A25°

'For G3#0 Gs#0 G5 =0; Iy, , =025G,A’B+
0.25G;4*B +0.375G ;A°B?

tuning and loading conditions change with signal power
level because of the corresponding changes in the admit-
tance matrix of the device. The IMD levels would be
sensitive to tuning and loading conditions because they
depend upon the peak RF voltage levels. Therefore, dif-
ferent IMD performance may be expected for large-signal
and small-signal tuning conditions.

Another point to be made is that in the low power
signal region, the IMD contributions of the drain conduc-
tance G (V) dominate; and, as the signal level rises, the
G,(V) contributions to IMD products become larger. The
intermodulation produced from the nonlinearities due to
the transconductance and the output conductance can be
expected to be partially correlated as a result of the
coherence between the gate and the drain voltages. This
correlation is commonly observed as a cancellation effect
giving dips in the IMD versus input level curve. These
dips are accompanied by a change in the rate of rise of the
IMD power levels for a given increment of change in
input power levels.

The sign of the fifth-order relative to the third-order
coefficient may be quite important in determining the
IMD products at low signal levels. In fact, cancellation
effects can occur in third-order IMD products from the
drain (or gate) alone due to sign differences of the dif-
ferent coefficients.

E. Profile Effects on IMD

The equivalent circuit in Fig. 1 has been used in con-
junction with, the information in Tables I to V to calculate
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Fig. 4. Calculated gain and third-order intermodulation products
versus input power using the active layer profiles in Fig. 3.

the gain and the third-order intermodulation products of
the three profiles shown in Fig. 3. The results are given in
Fig. 4.

It is observed that the gains at small-signal levels of
both epitaxial devices are about 1 dB greater than the
corresponding gain of the implanted transistor. This
calculation is for a 10-GHz test where the signals (two
tones) are separated by only a few MHz. The gain of the
ion implanted device is less but saturates more slowly at
high output power levels.

The IMD products display three distinct regions. At
very low signal level, the third-order products rise 3 dB for
a 1-dB increase in input signal level. This behavior is
explained by the dominant role of G, in this range. Then
comes the intermediate signal level region where the
cancellation effects are generally seen. In the large-signal
region, the contribution from the transconductance G,
generally dominates, and the rate of rise of the IMD
product is greater than 3-dB/1-dB increase in signal level.
This strong increase is caused by the large contribution
from G, which may equal or exceed G,,. Ion implanta-
tion shows a considerable advantage in this area because
G,,s is much less than G,,; for this case and is lower than
equivalent values for the other profiles; this results in the
IMD product for the ion implanted FET continuing to
have lower level with respect to the carrier up to higher
input power levels. Thus the transition from drain side
(G,) dominated IMD to gate side dominated (G,,) IMD is
postponed longer in the case of the implanted FET.

At the point of saturation, where output power is con-
siderable and gain is falling to low values, the IMD
products of the simple model become inaccurate. The rate
of rise of the IMD products should fall off rather than
continuing to rise at the higher rate shown in Fig. 4. The
reason for this discrepancy is that the assumption of smali
IMD voltages becomes inaccurate and the total power is
rapidly diverted into an increasing number of unwanted

13

TABLE VI

POLYNOMIAL COEFFICIENTS OF DRAIN CONDUCTANCE FOR DIFFERENT
DRAIN Bias CONDITIONS.

Coefficient vds = 6y Vds - 10V
Ga1 3.32 £-4 4.28 £-4
Ggo 5.04 E-4 -4.90 E-5
Gy3 2.10 E-3 -2.23 E-6
Gga -6.47 E-4 1.23 E-7
Ggs -5.12 E-4 1.26 E-7
Ggs 1.29 E-4 -2.02 £-8
Gy7 3.10 E-5 -2.00 E-9
Gyg -7.00 E-6 -1.08 E-10
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Fig. 5. Calculated gain and third-order intermodulation product versus
input power for implanted GaAs FET with the drain voltage as a
parameter.

IMD products other than just the third-order products.
This area of the IMD versus input power level is tractable
to computation using methods that a) account for many
frequencies of nonnegligible voltage level, b) account for
the total power distribution, and c) extend the power
series representation for the equivalent circuit elements to
a sufficiently high order.

F. Bias Dependence

The dependence of IMD on drain bias level has been
calculated for the implanted profile in Fig. 3. The prin-
cipal result of a rise of drain bias level is a general
reduction of the G, coefficients. This effect is illustrated
by the results in Table VI, which lists the polynomial
expansion coefficients of G,(¥') for drain bias voltages of
6 and 10 V. The resulting IMD products have been
calculated and are shown in Fig. 5. The IMD products
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Fig. 6. Measured doping profile for combined 500 keV Se (4% 10'2 ¢cm~2) and 40 keV Be (0.5 10'2 cm ~2) implants.

rise with a drop in drain bias, both at the low input power
end and at moderately high input power levels. A more
pronounced cancellation notch is noted at the lower drain
bias because of the increase in the IMD products due to
G,. It is interesting to note that these results also corre-
spond quite closely to experimentally observed results in
Section IV,

As a final note on the calculations, it must be said that
the use of a constant load resistance of low value con-
stitutes a useful comparison of the profiles as it serves to
simulate large-signal tuning conditions (i.e., optimized
tuning for maximum output power) and it also serves to
make one other point. By reducing the drain side distor-
tion at lower and intermediate power levels, it accentuates
the onset of gate side distortion which sets the maximum
power available. This is shown in Fig. 4 where the useful-
ness of tailored profiles is evident.

III. DEevICE FABRICATION

The primary goal of this development program was to
realize highly linear GaAs power FET’s by tailoring of ion
implanted profiles to optimize the doping in the active
layer. Therefore, the major development effort in the area
of device fabrication was devoted to preparation of suit-
able active layers. The resulting profiles are presented in
this section.

Standard processing techniques were used in complet-
ing the fabrication of the transistors; these will be briefly
reviewed for completeness.

A. Ion Implantation Profiles

The theoretical calculation in Section II indicated that
surface compensated Se+ Be implants can provide suit-
able layers for power FET’s with good linearity. Active
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layers for experimental measurement of IMD were made
from both single dose Se implants and from the combined
Se+ Be implant scheme of Section II.

A typical profile resulting from such a combined im-
plant schedule is illustrated in Fig. 6. The compensation
level in this implant is relatively modest in that the doses
of the Se and Be implants were 4x10'2 and 0.5x 102
cm ™2, respectively. The pinchoff voltage of such layers is
generally about 6 V and from calculations, one may
deduce a carrier concentration at the surface region of
about 3% 10 cm ™3,

B. Device Mask and Processing

The unit transistor cell consists of 6 gate fingers which
are nominally 1 pm long and 150 pm wide for a total cell
periphery of 900 pm. The source-to-drain spacing is 5 pm.
The device geometry including the 1-pm long gate struc-
tures are defined by conventional photolithographic tech-
niques. The mask set also contains diagnostic patterns for
determining ohmic contact resistance, gate metal resis-
tance, doping profile, and mobility.

IV. INTERMODULATION MEASUREMENTS

~ The IMD of the developed transistors has been
measured by using the two-tone method. The outputs of
two separate signal sources offset by a few MHz are
combined in a 3-dB hybrid and are adjusted to equal
incident power to the FET. A level set attenuator is used
to vary the RF input power, which is read by a power
meter. A circulator terminated in a crystal detector is used
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input power for Se+ Be implanted GaAs FET at 8 GHz with the drain
voltage as a parameter.

to monitor the input match. The test circuit consists of
coaxial double-slug input-output tuners, which are in-
tegrated with the heat sink for the transistor. The total
insertion loss of the test circuit is less than 1 dB at 10
GHz. A power meter and a spectrum analyzer are con-
nected to the output of the test circuit to monitor gain,
output power, and the intermodulation products.

The level of the sidetones relative to the carrier
measured at 10 GHz as functions of the input power are
shown in Fig. 7, along with the gain saturation curve for a
single dose Se implanted transistor (A1D1, 3x10'? ¢cm™2
Se ions at 400 keV) operated at a drain voltage of 10 V,
The input and output circuits were tuned for maximum
output power. The tuning conditions of this transistor
show strong correlation effects as evidenced by the dips in
the IMD levels.

Improved linearity can be achieved by increasing the
drain voltage, as discussed in Section II. In addition, this
condition will permit larger RF signals before clipping of
the output waveforms. The variation of the third-order
intermodulation product as a function of input power
level and drain voltage is shown in Fig. 8 for an ion
implanted transistor with an improved profile (A7D1,
4% 10" cm™~? Se ions at 500 keV and 0.5x10'2 cm™? Be
ions at 40 keV). The transistor was tuned for optimum
output power which resulted in a small-signal gain of 11
dB at 8 GHz. The large-signal gain is about 2.5 dB higher
for a drain voltage of 14 V compared to 8 V, which
essentially reflects the ratio of the applied bias powers.
The similarity to Fig. 5 is striking.
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Fig. 9. Measured output power and third-order intermodulation prod-
uct versus input power for Se implanted GaAs FET at 8 GHz for
tuning conditions of maximum linear gain and maximum output
power.

The maximum small-signal gains of the power transis-
tors are substantially higher than the corresponding linear
gains when the FET’s are tuned for maximum output
power. This observation reflects the fact that optimum
loading and tuning conditions for an FET are dependent
on the signal level, as discussed in Section II. The effects,
on the intermodulation products, of tuning to maximum
small-signal gains are illustrated in Fig. 9. The maximum
small-signal gain is about 18 dB compared to a linear gain
of 11 dB for the power tuned case, while the correspond-
ing intercept points are 25 dBm and 32 dBm, respectively.
These data illustrate that considerable improvement in the
linearity is obtained by tuning the transistor for maximum
output power. As an example, it is seen from Fig. 9 that
the third-order intermodulation product at the crossover
point for the power gain (that point where output power
and gain are equal for both tuning conditions) is about 30
dB lower in the power tuned case.

Similar data have been obtained for transistors fabri-
cated on VPE material with flat doping profiles. Again, a
substantial reduction was found in the third-order inter-
modulation product by tuning for output power rather
than small-signal gain. Further reduction in the intermod-
ulation distortion could be obtained for these transistors
by sacrificing linear gain and large-signal output power.

This compromise of maximum output power in order to
obtain minimum IMD was unnecessary with the ion
implanted transistors. This observation leads to the
important conclusion that the tuning conditions for opti-
mum output power and minimum IMD are virtually iden-
tical for optimized profiles (i.e., ion implanted Se+ Be
profiles) in contrast to conventional transistors with flat
doping profiles. Gain is always compromised when tuning
for best output power and IMD.

A quantitative measure of the distortion advantage due
to the improved tuning and transconductance characteris-
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Fig. 10. Comparison of measured output power and third-order inter-
modulation products versus input power at 8 GHz for conventional
epitaxial FET with flat doing and Se+ Be implanted FET.

tics of transistors with optimized doping profile is pro-
vided in Fig. 10. Here, the third-order intermodulation
products have been compared for an ion implanted FET
and a transistor with flat doping profile. It is found that
the third-order intermodulation product for the implanted
FET is significantly lower than for the flat profile VPE
transistor. As a result, the third-order intercept point is 4
dB higher for the optimized profile compared to the flat
profile. This improvement results in a 2 dB higher power
level at a given IMD level for the improved implanted
transistor.

These results provide strong evidence for the desirable
properties of ion implanted power FET’s with optimized
doping profiles. The following benefits have been estab-
lished.

1) The tuning conditions for optimum output power

and minimum IMD are virtually identical.

2) As a result of this property, the intercept point for
the third-order intermodulation product is several
dB higher for an optimized ion implanted profile
compared to a conventional flat profile transistor.

The potential of the implanted Se+ Be transistors as a
power source was evaluated by measuring the output
power at 7 GHz with a single-frequency input. An output
power of 0.5 W/mm was measured at a drain voltage of
15 V. The associated gain was 5 dB.

V. CONCLUSIONS

It has been demonstrated both theoretically and practi-
cally that performance advantages can be obtained from
tailoring of the active layer profile of a GaAs FET. The
importance of optimizing the active layer was highlighted
by measuring the IMD levels of a conventional flat profile
transistor and an ion implanted device. The more favor-
able doping profile of the implanted FET resulted in an
average reduction of about 6 dB in the third-order IMD
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power levels. The results of the present program also
indicated that reduced IMD levels can be obtained by
increasing the drain voltage beyond the bias point for
maximum efficiency. It is also evident from the theoretical
and experimental work that the use of an improved profile
such as the implanted profile provides a smaller amount
of detuning at large-signal levels and makes the maximum
power output tuning condition coincide with the test
tuning conditions for low IMD levels. This observation
provides the power amplifier designer with a considerable
advantage.

The methods used to achieve profile tailoring in the
present program involved implantation of Se and Be to
effect a more advantageous profile. These methods pro-
duced the desired effect, as discussed above, and proved
the principle involved in lowering IMD.

The theory of IMD distortion developed in this work
has furnished explanations for the observed IMD be-
havior of GaAs FET’s which is quite irregular in nature,
Further work along these lines are expected to provide the
necessary guidelines for obtaining transistors with opti-
mum doping profiles.

APPENDIX

This Appendix briefly indicates the main calculation
steps in determining the IMD ratio in an amplifier, assum-
ing the two contributing IMD sources are the transcon-
ductance and the drain conductance.

Let the RF drive voltage impressed upon the gate be a
dual tone signal, i.e.,

V,= A[sin(w,?) +sin(w,?) ]. (A1)

The RF drain current is given by the transconductance
G,, and the expression

Id(t)=L

The third-order intermodulation products may be ex-
tracted immediately from this expression; these will be the
IMD in the drain current due to the nonlinearities of the
transconductance. Table V gives these products directly
for the IMD at frequency 2f,— f,

Ve(®)

G, ( Vg) av,. (A2)

II |(2f‘ —-= 0.25 G,3A 34+0.625 G,.sA ’, (A3)
The drain current of the signal at frequency f; is given by
1, =Gy Alexp(i27fi7) (A4)

where G, is the first and dominant term in the poly-
nomial describing transconductance, and 7 is the time
delay of the gate. Therefore, the ratio of gate-side IMD to
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signal current is
/'l _ 0.25G,34° +0.625G,,54° 45)
IIfll IGmlAl

The drain conductance G/V') contributions to the IMD
must be calculated by first obtaining V, the RF drain
voltage at the frequency f,. This is

_n

V, Y,

(A6)
where Y, is the load admittance presented to the drain
and may be complex. From a knowledge of V,, a further
contribution of IMD current I” at frequency 2f, — f, will
be generated, the magnitude of which is given by

[T"|af, -y =025G 15| V3| +0.625G 5|V, (A7)

and the phase of which is determined by the drain load.
Now the total IMD current at frequency I(2f, —f,) will
be given by the sum of the two complex currents

Toj-py=Top-p+1" s -1y (A8)

The ratio of total IMD current to signal current in the
load is now obtained simply and translated to power
differences in decibels.
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