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SECTION I
INTRODUCTION AND SUMMARY

This report summarizes the accomplishments of a research program carried
out during a two-year period under Contract No. NOOO14-75-C-1134, The ob-

jective of this program was development of the essential technology for fabrication

and evaluation of gallium arsenide field effect transistors with insulated or
semi-insulated gate regions. These devices, which are potentially capable of
operation in microwave circuits as Class B power amplifiers, are applicable to
a number of systems including active element phased-array radars, ECM jammers,
and driver amplifiers for terrestrial and satellite line-of-sight communications

transmitters.

Included in the scope of this program was a theoretical analysis of Class A
and Class B FET amplifiers, development and optimization of procedures for fab-
rication of GaAs FETs with semi-insulated gates (SIGFETs), evaluation of the
dc and rf characteristics of GaAs SIGFETs, comparison of these devices with
GaAs FETs having conventional metal gates (MESFETs) fabricated from the same
starting material, and development of procedures for formation of low resistivity

(n+) regions for source/drain contacts.

During the course of the program, a reliable ion bombardment process was
developed for formation of the localized semi-insulating gate region required
for a SIGFET., Using this process GaAs SIGFETs were obtained that yielded out-
standing output powers at X-band. One device operating at 8 GHz delivered
2,7 W at 4 dB gain with a 26% power-added efficiency. The gate width of this
device was 2400 um, and the corresponding 1.12 W/mm gate width is the highest
value ever reported for any FET at this frequency. Extensive dc and rf char-
acterization of these devices and companion MESFET devices revealed a number
of interesting differences and similarities, which will be discussed in detail

in the remainder of this report.

The next section describes the analysis of Class A and Class B amplifiers
and discusses the results in terms of the relative merits of conventional

A R e - it om—




3 MESFETs and FETs with insulated or semi-insulated gates. This is followed
by a comparison of the properties expected for FETs with insulated gates (IGFETs)

and those with semi-insulated gates (SIGFETs). During the initial portions of

the program, procedures for fabrication of both IGFETs and SIGFETS were examined;
= however, for reasons discussed in Section III, the efforts were later concentrated
» on the more promising SIGFET. The SIGFET is emphasized in Section IV, where the
fabrication process, including the ion bombardment procedures, are detailed. The |
results of dc and rf characterization of SIGFETs and companion MESFETs fabricated
from portions of the same epitaxial material are discussed. The rf comparison
includes operation under both pulsed and cw conditions. Low resistivity n* source/

drain contact regions are believed to be particularly beneficial to SIGFETs; con-

sequently, procedures for formation of n* contact regions were also examined
during the program. Both localized ion implantation and sequential epitaxial
; growth were evaluated as procedures for contact region formation, and the results
of these efforts are detailed in Section V. The conclusions and recommendations

for future work are summarized in Section VI.
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SECTION 11

ANALYSIS OF CLASS A AND CLASS B AMPLIFIERS

The analysis of Class A and Class B amplifiers was carried out as an aid
in comparing the maximum theoretical efficiencies expected for FET amplifiers
operating under different bias and rf load conditions, The dc and rf char-
acteristics for both Class A and Class B amplifier operation are considered.
Several basic assumptions are made to allow calculation of the maximum possible
output power and efficiency. The significances of these assumptions are dis-

cussed as they are introduced.

The operating conditions for Class A operation are shown in Figure |, The

equation that describes the dynamic transfer characteristic is

v
2.2 (1)
by = Taes AT
where Vp i -hoff voltage and Vdes is the saturated drain current at a gate
vol tage © = 0). The square law dependence of drain current on gate vol-

9
tage is apparent, It is assumed that the FET is excited by a sinusoidal gate

voltage of the form

Vg = -Vgo + vgl sin @t , (2)
where Vgo is the dc bias applied‘to the FET and Vgl is the amplitude of the rf
input signal. The assumption of a sinusoidal voltage waveform is valid provided
the amplitude Vg| and the bias V o are adjusted so that the instantaneous gate
voltage does not exceed the barrier potential ¢. In addition, for Class A
operation the gate voltage cannot exceed the pinchoff voltage (Class A definition).

The maximum rf power obtainable in Class A operation occurs when the gate
voltage swings between -Vp and 4¢. To achieve these conditions,
L
= -Lz—— and (33)
V +¢

Vgo

Vg1 = e, (3b)
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The maximum drain voltage that can be applied is set by the reverse bias break-

down voltage (VB) of the gate Schottky barrier, For Class A operation, then,

S (1)

If it is assumed that maximum rf output power requires maximum drain current
moduiation, the minimum instantaneous drain voltage cannot be less than VT
(see Figure 1). A dynamic load line can then be assumed for maximum rf output
power. The load line passes through the minimuh voltage, maximum current point
[VT’ Idss(' + ¢/Vp)2] as shown in Figure 1 and determines the relationship
between the rf output current and voltage. For maximum power and efficiency
calculations it will be assumed that a matched rf load is presented to the FET
such that the output current is phased 180 degrees with respect to the output

voltage.

The power delivered to the rf load consists of power at the fundamental
frequency and at the harmonics. The nonlinearity of the dynamic transfer
characteristic also introduces a dc component which must be signed properly.
The rf power calculation involves expressing the output current and voltage
waveforms that result from a sinusoidal excitation of the gate electrode. As

a review, consider the Fourier expansion of the current and voltage waveforms

I(T) = Ip+ 1, sinT+J cos T+1,sin2T+ ... (5)
V(T) = v+ vV  sin T+ U cos T+ ... |, (6)
where
1 21
I, = Ej‘o 1(T) dT (7)
| 2m
Iy=5J () sinTdr (8)

o




i 2n
J = ;-jo I(T) cos T dT (9)
etc,,
and

3 T-—-'wt .

- The dc power supplied to the FET can be expressed as

P,=1V (10)
and the rf power at the fundamental frequency delivered to a load is expressed as
]
Peg = RUGL, = 0 an

For the simple case of maximum conditions for Class A operation, the output

current can be written from Equations (1) and (2) in the form

2 2
2v v Vgt ¥
1 o A 1
I(T) = Iy |1 - -vgg + ;§2 + % ;§_ + 2() - vg—) vi— sin T - % ;%- cos ZT]. (12)
P P P

{ The output voltage can be written in the form

V(T) = v, - LN R,

where
e Vb - VT -
L=
Idss(' +¢/vp)
f so that
t (Vb - VT) v V2 VZ‘ vV 8 ') 1
"’ V(T)=vb- 2[."2'\732"'-%&'4'&_%_*2("‘53- -\;s—sinT
F (1 +o¢/v) p v v ' 'p
[ P P P
{ - % ;%l cos ZT) s ‘ (13)
:
; P
3

o
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Then, by Equations (7), (8), (9), etc., or by inspection

2
2V V2 ')
, z . -390, _go gl
Ri% Io F Idss ! v * v2 +% VZ ] (14)
Weoe P
2 2
V. =V 2V vV v
3 o= L s .90, go 3 g1 )
[ 4] +¢/vp) P v i
Note that Vo = Mpice of Figure 1.
f Also,
') v
L . 90\ _al &
I = 2L\ - § > v 4y 0 e
, p’ 'p
; (v =~ &) ¥ v
B V, s _L_—l—z VS.I_(] - vﬂP—) U] = 0, (‘7) |
(1 +¢/Vp) )

Equations (3) and (4) can be manipulated to yield

v (1 =9/v)

VSS:_..__LZ (18)
p

v (1 + ¢/v) v

.Sl=___._L=(|-_l°.> ~ (19)
v 2 Vp

Using Equations (18) and (19), Equations (14) through (17) can be expressed as

2
1 +¢/V
Io=z’dss( 'z"') (20)
2
E L 'i (Vy = V) 21




2
1 + /v
g = 21dss( 2 ) (22}
Vi = - By, - V) . (23)
From Equations (10), (20), and (21) the dc input power is found to be
2
Pyc = % Ly €1 ¥ ¢/vp) [vb -é (v - vT)'J . (24)
The fundamental rf power is
b e e 25)
rf =8 Yp T 'Y Ydss /Ny .
The drain efficiency for Class A operation becomes
1
I_Prf_l (Vp - V) ok
'nA = ? 0 ( )
i'v + é ¥.)
For Class B operation Equations (3a), (3b), and (4) become
= 2
Voo v, (27)
and
Vg1 = Yo+ 0 (28)
V. wwR e . : (29)
b max 0 P

A pictorial representation of Class B operation is shown in Figure 2. The
output current and voltage waveforms can be expressed by the following

equations:

A

-
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1) = 1, (1 + Yav) 0¢T-m
(30)
=0 fri< s 20
v 2
(0 + Vg/v)
V(T) =V, = (V, = V,) ——————P 0<Tem™
b b T (1 + o/V )2
L™ (31)
= vb me<T<2™

Expanding Equations (30) and (31) in the form of Equations (5) and (6) yields

T (1 + ¢/V )2 (32)
o~k ¢ [
L1 2
_ __dss
Ly =~ (1 + ¢/vp) (33)
J‘ =0
1
] Voo V=g Wy = Vgl = Vo (34)
v=--3(v-v) (35)
] 3 b T
U‘ = 0
i From Equations (10), (32), and (34) the dc input power to the FET is determined
to be y
: l4es . ) i
: Pac = B2 (1 +0/V) vy = 30y, - )] (36)

and the rf power at the fundamental frequency is




st i

" 2
| i (Vp = Vy) Ty (0 + ¢/vp) . (37) j

g rf 9 a2

The drain efficiency is expressed by

1 32 (v, - Vq)

£ (38)
'n =
& e [V 'I‘I (Vp = Vp)]

P AL T T et (VY

‘ Using Equations (25) and (26) for Class A operation and Equations (37)

i and (38) for Class B operation, the output powers and drain efficiencies for
operation into a resistive load were calculated, For comparison, similar cal-
culations were made for the case of a linear dynamic transfer characteristic.
The basic approach is the same as detailed above for the square law character-

istic,

The best means for comparing results for different modes of operation is to

compute the maximum theoretical efficiency. This has been done for the cases i

mentioned above, and the results are given in Table 1, Also included in the table |

are the results for a square wave input., In this case the shape of the dynamic

s e el L

transfer characteristic does not affect the results of the calculation, nor

does the input bias level. Finally, the results for a tuned power amplifier are

included in the table. These calculations, which were originally made for
electron tubes, are available in the literatureI and are not repeated here. It |
is noted that for a square law characteristic and Class B operation into a
tuned load the theoretical maximum efficiency is 85%. It can be shown (using
the dc and fundamental components of the resultant output current waveform)
that for this case the expression for the maximum possible drain efficiency
reduces to one-half the ratio of the amplitude of the fundamental component
of current to the dc or average component of current. The assumptions used |
are similar to the ones made in the literature concerning Class B operation
into a tuned load with a device having a linear transfer characteristic.

1




Amplifier
Class

A
A

A or B
(square wave input)

*Drain efficiency

Table 1
Maximum Amplifier Efficiencies

Transfer
Characteristic Load
Linear Resistive
Square law Resistive
Either Resistive
Linear Resistive
Square law Resistive
Linear Tuned (zero
impedance at
harmonics)
Square law Tuned (zero
impedance at
harmonics)
12

Efficiency*
50

53

81

79

85




Namely, it is assumed that the only voltage developed across the load resistor
§ is that at the fundamental frequency, and that the peak value of this voltage
waveform equals the dc drain bias voltage.

N The efficiency calculatiors : =sented in Table ! indicate that Class 8

I' operation of an IGFET amplifier into a tuned load (zero impedance at harmonic
frequencies) is the most promising approach to high efficiency operation. An

alternative approach would be to use a square wave input signal; however, this

approach would require wave shaping at the input to the amplifier.

As a preliminary test of the theoretical analysis, a number of conventional
GaAs MESFETs were tested as X-band amplifiers to determine the bias conditions
which gave maximum output power and efficiency. The maximum power was observed
at low gate bias, and maximum efficiency was obtained with gate bias approaching
the pinchoff voltage (Vp), i.e., approaching Class B operation., Equations (25)
and (37) can be manipulated to yield the expected power reduction for Class B

operation. The maximum power achievable under Class B operation is seen to

be 72% of the maximum power under Class A operation. A typical three-cell device
having Vp = 3.5 V has a maximum output power of 950 mW at 8 GHz with 4 dB gain
when Vg = -0.6 V. The drain efficiency was measured at 59.8%, indicating some
squaring of the input waveform and probably some harmonic tuning in the output
circuit. With Vg = =3.0 V the output power of the device drops to 740 mW with

L4 dB gain, while the efficiency increases to 81.4%. Again, the high value of
measured efficiency indicates favorable distortion of the input waveform or

harmonic tuning in the output circuit, or, more likely, some degree of both.
The 22% reduction in power falls within the theoretical prediction. When Vg
is increased to =3.5 V (true Class B bias condition), the efficiency remains
at 81.4%, but the output power decreases to 690 mW (a 27.4% reduction) with

L dB gain.
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Thus, maximum efficiency is expected for operation under Class B conditions,
provided that the ratio of the gate breakdown voltage to the pinchoff voltage
can be increased significantly. The potential means of achieving the desired

ratio improvement exists in the form of an FET with an insulated or semi-insulated
gate.
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SECTION III
GaAs IGFETS

The GaAs IGFET device is a field effect transitor in which ghe -gate metal
is separated from the GaAs channel by a thin layer of insulating material,
The presence of the insulating material prevents the flow of charge between the
gate metal and channel as is possible through the depletion layer in the conven=
tional FET structure. Hence, a 'forward" voltage applied to the gate of an IGFET
will result in an accumulation of electrons at the channel-insul®or interface
with consequent conductivity modulation of the channel. A large dc ''reverse'
voltage can generate an inversion layer of charge at the insulator-channel inter=
face if adequate time is allowed for its generation, However, deep depletion
of the channel charge and its accompahying conductance modulation of the channel
still occur, similar to the action in a conventional FET structure. The increased
gate voltage span offered by the IGFET structure because of these fundamental charge
transport limitations makes it particularly interesting when operated as a Class
B amplifier where high gate voltage amplitudes are encountered.

The major problem with the device is obtaining an insulating layer that allows
the benefits outlined above., It is essential to obtain pure layers that contain
no mobile (mostly ionic) charge and that have a low surface state density at
the interface with the GaAs channel. With silicon devices such high quality

insulators and interfaces can be provided by oxide films.

To examine anodically formed oxide films as possible insulators for GaAs
IGFETs, a series of slices was subjected to oxidation using a tartaric acid-
propylene glycol electroiyte. This electrolyte has been report‘ed2 to yield
oxide films with very low surface state densities and superior dielectric
properties., The slices were oxidized at different voltages to provide a range
of oxide thicknesses, and half of each slice was later annealed for 6 hours
at 300°C in hydrogen. No change in appearance was noted as a result of the
anneal; however, for the thinner films the ellipsometrically determined refrac-
tive index increased slightly., To ascertain the surface state densities, MOS
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structures were formed on the anodically oxidized surfaces by patterning Al
dots that were subsequently subjected to capacitance-voltage and conductance-
voltage measurements. The conductance and capacitance data were obtained by
measuring, respectively, the phase-locked and quadrature~phase components of
the current response to a 10 mV signal voltage applied across the sample. The
frequency of the ac signal could be varied between 1 Hz and 100 kHz and was
impressed on a dc ramp voltage that was swept between preset voltage limits at
an adjustable rate. In addition, C-V data were obtained at | MHz with a Boonton
capacitance meter. A typical data set is shown in Figure 3. In each case the
curves of Figure 3 were obtained by sweeping from deep depletion (-9 V) toward
accumulation. Note that the G/w data show a broad peak near zero voltage
indicative of a relatively uniform density of states near mid-gap. Accurate
analysis of the data was complicated by the nonideal characteristics of the
oxides, However, by adopting a simple surface state model, one obtains a
surface state density between 7.9 and 14 x !0‘l cm-2 eV-' near mid-gap. It
can be concluded that the films show relatively low surface state densities
for anodically grown oxides. However, the values are higher than those of
thermal oxides on Si, which have benefited from extensive development efforts.

A large frequency dispersion of the accumulation capacitance was observed.
It has been suggested that the source of the dispersion is the Maxwell-=Wagner
effect due to a metamorphic layer between the oxide and the GaAs. If so, one
might expect the dispersion to reappear in heavy inversion; however, it does not,
The conductance data indicate another possibility, which is an increasing density
of surface states near the band edge. Further work to investigate this possibility
will require oxides that can sustain higher voltage without excessive leakage and
reduction of the hysteresis loop. Both of these effects are indicative of charge
states in the oxide that affect MOS properties as much as interface states.

In an effort to improve the insulating characteristics of GaAs anodic oxides,
two new series of slices were prepared. One series consisted of oxides that were
grown at significantly lower current densities (< ! mA/cmz), while the slices from
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the other series received an in situ cathodic surface clean-up prior to
oxidation. Portions from each series were annealed at 300°C for 6 hours., The
resulting oxides showed little improvement. They were leaky and continued to
display the anomalous dispersion of the accumulation capacitance. Breakdown

field strengths of 3 x IO6 V/cm were achieved.

Despite the relatively high quality of these anodic oxides, their quality
is considered too low for fabricating microwave IGFETs, and nc such attempt
has been made. This decision was influenced by the success of preparing the

SIGFET structures described in the next section, and emphasis was concentrated

there.




SECTION IV
GaAs SIGFETS

The GaAs SIGFET is similar to a conventional FET, but with the important
modification of including a thin semi-insulating layer of GaAs under the gate
metal. The semi-insulating layer is usually an intimate part of the depletion
under the gate metal, but it can transport charge either in avalanche or in
forward bias injection. Of course, it significantly increases the breakdown
voltage, and the forward voltage drop can be high because of the series resis=-
tance of the semi-insulating layer. From the standpoint of use in a Class B
amplifier, the extended voltage range of the SIGFET gives it similar advantages

( to the IGFET. Practically, the SIGFET can be fabricated by ion-bombarding the
§ surface or by epitaxial growth. 1In either case, the problems associated with
the channel interface are minimized relative to the IGFET. Details of the

|
[
| SIGFET device are considered in this section.

The basic structure and device physics of the conventional GaAs MESFET
i are reviewed first, followed by a discussion of the reasons for developing the

i SIGFET. The next subsection describes the fabrication process for the GaAs
SIGFET and optimization of the ion-bombardment conditions. Then the dc and rf

{ characteristics of the GaAs SIGFETs are presented and compared with those of

companion GaAs MESFETs.,

g A. Device Principles ]

Consider the simplified sketch of the basic GaAs FET device structure shown
in Figure 4, An n-type layer of uniform shallow donor doping Nd and thick=
ness a is grown epitaxially on an insulating substrate. Ohmic source and drain

contacts of width Z are placed as shown, Between them is a Schottky barrier
'gate'' of length £. In normal operation the source is grounded and a positive

voltage + V " is applied to the drain, causing current Ids to flow from drain

d
! to source under the gate. The n-type GaAs under the gate is depleted of carriers

in the Schottky barrier space-charge region, with a negative gate voltage Vg
increasing the depletion depth., Thus, changes in gate voltage modulate the drain
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current Ids’ If Vg is large enough, the depletion region of the gate reaches
the insulating substrate, and conduction is entirely '‘pinched off'' ( ng = Vp).
If the epitaxial thickness is large, the gate Schottky barrier may break down

before pinch-off can occur.

As Vds increases with Vg = 0, Ids increases linearly at first, and then
saturates at a current Idss beginning at a threshold voltage VT' This sat-
uration is caused by the forward drain bias effectively reverse-biasing the
gate and pinching off the conducting channel. Also contributing to current
saturation is the fact that at higher drain voltages electron velocity in
saturation occurs. The saturation current decreases as Vg is made more
negative. 1In actual operation, the dc values of Vds and Vg are fixed such
that the device is biased into saturation, an rf signal is applied between

the gate and source, and an amplified signal is available across the drain

and source. Device output power increases at higher drain voltages, but at
large drain bias the large negative bias of the gate with respect to the

drain causes the gate Schottky barrier to avalanche. This occurs first during
the negative portion of the rf input waveform and causes the device output
power to stop increasing. The larger Joule heating of the device at higher

drain voltages also reduces output power.

The incorporation of a semi-insulated gate region into a GaAs FET structure
was first reported by Pruniaux, North, and Payer,3 who implanted protons across
the entire source-drain gap to create a semi-insulating layer beneath the gate.
They proposed that the semi-insulating layer would permit the use of higher
epitaxial doping levels (and hence higher device transconductance and better
performance) without the problem of gate breakdown. In addition, the device
could be operated with a gate bias of either polarity., However, as discussed

earlier, the extended voltage range resulting from the use of a semi-insulated

gate region is desirable for Class B amplifier operation. In the present work,




in order to properly evaluate the effect of the semi-insulated gate region on
power FET operation, both conventional MESFETs and SIGFETs were fabricated from

the same epitaxial material.

B, Device Fabrication

The fabrication process for GaAs SIGFETs is very similar to that for GaAs
MESFETs so the latter is described below., The process changes for the SIGFET

are then enumerated.

The GaAs power devices have 2 um gate lengths, 6 um source-drain spacings,
and are made up of four cells, each with 600 ym gate width. The total gate
width can therefore be varied from 600 pm to 2400 ym, depending on the number
of cells that are connected. Photographs of a device taken during the fabrication
procedure are shown in Figure 5. The active GaAs layer is grown by vapor phase
epitaxy on a semi-insulating Cr~doped GaAs substrate. The doping level of the
active region is ~ 1 x 10‘7 cm-3, and the layer thickness has been reduced by
the anodic etching technique to a uniform thickness of ~ 0.3 pm.

The basic process is quite simple, with only three major device processing
StePS,u as illustrated in Figure 6. Following epitaxial thinning, the first major
processing step is to etch mesas through the thin n~layer to the semi-insulating
substrate. This isolates the source and drain terminals except for the channel
under the gate and provides an insulated surface for the gate bonding pad. A
mesa height of 0.5 to 1.0 um is adequate to isolate adjacent mesas (resistances

of 1 to 10 MD).

The second step is the source/drain metallization. A lift-off pattern is
defined in AZ-1350 photoresist and the source/drain metal is evaporated over the
slice. The unwanted metal is lifted off by dissolving the photoresist in acetone.
This method of metal definition is very simple, gives sharp edge definition, and
is capable of extremely fine geometries, The metal remaining on the source and

22
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Figure 6 Planar Device Fabrication Process
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drain is then alloyed into the GaAs, forming an ohmic contact. After studying
several alloys for use as an ohmic contact, AuGe with a thin Ni overlay was
chosen because of its low contact resistance. The ohmic contacts are formed
by evaporating approximately 2000 R of eutectic composition AuGe followed by a
200 to 400 X Ni overcoat. Alloying is accomplished by raising the slice to

L50°C for several seconds in flowing helium,

The third major processing step is the gate metallization. The gate pattern
is defined in photoresist, and the metal is evaporated and lifted off as with
the source and drain, The alignment of the gate in the source-to-drain gap is
the most critical step. To recess the gate, a groove is etched in the GaAs
surface after the gate pattern is defined, immediately prior to gate metal
evaporation. The recess depths achieved have been in the range 500 to 2500 A,

which can lead to as much as 50% reduction in the parasitic resistance.

Aluminum is used as the gate metal. It has been shown to be less subject
to degradation with time at elevated temperatures than other gate metallizations
that have been used. Evaporation is carried out at about 50°C with a glow-discharge
prior to deposition to ensure good adhesion.

Following the gate metallization, a layer of Cr/Au is evaporated on the
source and drain bonding pads to improve current spreading and bondability.
A nitride layer is then deposited in the active region, and a thick (10 to 15 um)
Au layer is plated to the source pads to simplify bonding.

The source pads are 0.003 inch wide, near the minimum size for stitch bond
interconnection. This leads to a total chip width of 0.040 inch (to accommodate
2400 um total gate width), which is not too large for X-band operation. The chip
thickness is approximately 0.004 inch. An SEM photograph of a bonded device is
shown in Figure 7.

25
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Figure 7 Scanning Electron Micrographs of 2400 um Gate Width GaAs
FET Mounted on a Cu Block




Pruniaux, et al., fabricated semi-insulated gate devices by bombarding the
entire active region with protons. However, for material with optimum epitaxial
thickness, it was discovered that protons accelerated to minimum energy available 4
with our implantation equipment (30 keV) penetrated the entire active region, re-
ducing the channel conductivity to zero. This problem was solved by bombardment
with heavier ions (Ar) to reduce the penetration depth commensurate with the thinner
epitaxial layers of modern devices. Initially, the slices were implanted across
the entire surface after the source and drain contacts had been applied. These

devices had poor dc and rf performance characterized by low transconductance,

light-sensitive I-V characteristics, high leakage current, and low gain., As

a result, the process was modified to confine the bombardment region to the
area immediately below the gate metallization. The gate pattern is defined in
photoresist as with the conventional MESFET, but rather than evaporating the
gaté metal, the slice is bombarded with Art ions. The gate metal is then evap-
orated and the process continued. This results in a device having a semi-
insulating region localized just beneath the gate metal as shown in Figure 8,
As discussed in detail below, the optimum parameters were found to be 10 Art
ions/cm2 at 30 keV, The thick unimplanted source-gate and drain-gate regions
provide the same parasitic resistance reduction that the gate recess does for
conventional MESFETs. Since the implantation process neither degrades nor
penetrates the photoresist, the gate metal evaporation and lift-off can take

place following implantation with no additional processing steps.

The effective depth of different implant energies and fluxes was determined
by measuring the source-drain saturation current (with no gates present) before !
and after implantation. This information, combined with the epitaxial layer :
resistivity, allows the effective implant depth to be calculated. The results

+

for a slice cleaved into several pieces which were subjected to IOI“ Ar ions/Cm2

at different energies are summarized in Table 2,

In a similar experiment several pieces from a slice were subjected to

R B AL

different dosages of 30 keV Ar* ions. The resulting effective implant depths
are summarized in Table 3. As will be described later, measurements on devices

e
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Table 2

Effective Implant Depth as a Function of Ener
IE 2

for 10 Ar*;{gns/gn

|O'u/cm2 art Implant Effective
Energy (keV) Depth (ym)

30 0.2

60 0.43

120 0.55

200 0.80

Jable 3

Effective Implant Depth as a Function of Implant Dose
for 30 kev Ar' Ions

30 kev art Impiant Effective

Dosage (per cm?) Depth (ym)
10'2 0.08
lO'3 0.17
10" 0.21
10'° 0.29




fabricated from these slices indicated that the optimum Ar* bombardment con-

ditions were an accelerating voltage of 30 keV and a dosage of 1 x lo'h cm-z.

An alternate approach was examined in which the entire active area was implanted
with xe* (30 kev, 10'"
Art implant just under the gate, giving the structure of Figure 9(b). The

cm-z). This was followed by the customary (and deeper)

resulting devices had high gate leakage currents and low gains, just as did

the channel-wide implanted devices [Figure 9(a)] discussed earlier. Apparently,
for optimum SIGFET performance the implanted region must be confined to the area
just beneath the gate metal.

SIGFETs were also fabricated from slices in which the semi-insulating
region was not produced by ion bombardment, but by the epitaxial growth of

a high resistivity, undoped layer on top of the normally doped active layer,
These devices, which are called 'epitaxial SIGFETs'" to distinguish them from
SIGFETs produced by ion implantation, have three sequentially grown layers:

a buffer layer, an active n layer, and a semi-insulating layer. Before device
fabrication begins, a C-V doping profile is obtained to determine the thick-
ness of the semi-insulating layer. A typical profile is given in Figure 10,

p Device fabrication then proceeds as described above, except that the ohmic
source/drain contacts are achieved by etching to recess the source/drain regions
below the high resistivity surface layer prior to metallization, lift-off, :
and alloy. The amount of recess required is estimated from knowledge of the
semi-insulating layer thickness obtained from the C-V doping profile, This
has proved to be a viable procedure for achieving source/drain contacts through
the semi-insulating layer. If this layer is too thick for optimum performance,

it is necessary to etch it as well, thus recessing the gates. O0f course, care
is taken to prevent this recess from extending completely through the semi-

insulating region.

C. Dc Characteristics

g o e, =

The I-V characteristics of SIGFET devices are significantly different from
those of MESFETs fabricated from the same slice.° The most pronounced change
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is a much larger gate breakdown voltage for the SIGFET. Figure 11 shows the

gate-drain I-V characteristics of a SIGFET device and a companion MESFET fabri-

cated from the same slice., Both devices have gate-drain current of about 0.05

wA at 5 V; however, the MESFET gate breaks down at a reverse voltage of approx-

imately 12 Vv, while the SIGFET breaks down at 25 to 30 V, which is more typical
16

of bulk material having a carrier concentration of 5 to 6 x 10 °. This increase

is probably due to a change in the electric field profile beneath the implanted

region that eliminates breakdown-causing high field regions near the metallization

edges. Figure 11 also shows the somewhat higher forward bias could be applied

to the SIGFET, as indicated by Pruniaux, et al.,3 but the effect on device
microwave performance is probably small, Figure 12 shows the drain charac-
teristics for these two devices. One noticeable difference is that the SIGFET

has about 20% lower maximum transconductance,

The saturation current, source-drain burnout voltage, and reverse gate
breakdown voltage were also evaluated as a function of the applied implant
energy and dose used to produce the SIGFETs. The more meaningful comparisons,
of course, are those in which devices with different implant parameters ori-
ginate from the same slice and are processed simultaneously. This tends to
reduce variations in performance that could be attributable to differing slice

characteristics or processing procedures, The following implant energies and

doses were used for this comparison:

Slice Flux ‘cm-z) Ar+ Implant Energy (kev)

A 10'4 30, 60; 120
10'% 30

B 10" 30

¢ 10'3 30

The test data are presented in Figure 13. The three dc tests will be discussed

separately with reference to Figure 13.
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(a) MESFET

(b) SIGFET

; Figure 12 Comparison of Drain Characteristics of 300 um Gate
; Width SIGFET and MESFET Devices Fabricated from the
Same Slice. Both photographs have 20 mA/vertical
division, 0.5 V/horizontal division, 1 V/step.
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| Saturation Current

The figure indicates only moderate variations of saturation current in
a given slice for various implant energies and doses. This result, however,
was purposely produced during fabrication. A slice that had been anodically
thinned to completion, and hence was of nearly uniform thickness, would have
exhibited larger variations in ISAT for different implant energies and doses
due to the corresponding variations in the effective depth of the semi-insulating
region. However, for the comparisons to be made in this experiment, it was de=-
sired to produce devices with reasonably equivalent saturation currents. This
was done by anodically thinning each slice only until it just began to ''clear."
This resulted in a slice slightly thicker than normal that still had thickness
variations, The thicker regions were then used for the greater implant energies
or doses. In the case of the unimplanted portions, gate recess was used to
adjust the saturation current.

Z. Source-Drain Failure Vol tage

For this test, a bias of = 2 v was applied to the gate, and the source-
drain bias was slowly increased until failure occurred. No microwave signal
was present. The failures resulted in a short between source and drain.
Referring to Figure 13, there is little difference in source=-drain burnout
vol tage for different implant conditions in devices originating from the same
slice, The moderate variation that is present correlates inversely with the
saturation current (see data for slice A, Figure 13). Hence, it is likely

that the slight increase (decrease) in I is causing the slight decrease

SAT
(increase) in burnout voltage. Again, the relevant point is that there is no

critical dependence on implant conditions within the range tested.

3 Reverse Gate Breakdown Vol tage

This test was performed by reverse-biasing the gate with respect to
the source and noting the voltage required to draw 1.0 mA of reverse gate
current. As indicated by the data in the figure, the reverse gate breakdown
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voltage is increased by approximately 8 V upon implantation of lo'“ cm°2

30 keV Ar”. Only minimal additional improvement is observed when the same
dose is implanted at 120 keV. An increase of the 30 keV dosage to lo'S cm"2
seems to result in no improvement,

It concluded from these experiments that at doses of IO'“ cm'z,
implantation results in higher reverse gate breakdown voltages and that this
improvement is not critically dependent on implant energy in the range tested.
This high reverse gate breakdown voltage is the principal distinguishing

characteristic of a SIGFET.

Epitaxial SIGFETs were also subjected to the same dc characterization
tests just described. Although there were no control slices with which to

make direct comparisons, the device characteristics were found to be essentially

the same as those of SIGFETs produced by lo'“ cm.2 30 kev Ar* ion implantation.

Saturation current and pinch-off voltage varied more in the epitaxial SIGFETSs
because the self=limiting anodic oxidation process could not be used in their

fabrication.

D. Rf Characteristics

| 3N Cw Operation

The microwave performance of GaAs SIGFETs was measured at X-band

and compared with that of companion MESFETs fabricated on the same slice.
Typically, the gain with 5 V drain bias and 15 dBm input power was measured.
The maximum output power with 4 dB gain at 8 V drain bias and the highest
output power achievable with 4 dB gain at any drain bias were also measured.
In general, the conventional MESFETs are observed to have about | dB higher
gain under the 5 V drain bias, 15 dBm input power conditions. With 8 V drain
bias the conventional MESFETs have about 20% higher output power with 4 dB
gain, but at the highest drain voltages the SIGFETs have significantly higher
output powers than MESFETs because their output power does not saturate so




f‘\

rapidly with drain voltage. This is assumed to be due to the higher gate
breakdown vol tage.

Some of these results are illustrated by the data in Table 4, which
gives some of the dc and rf properties of SIGFETs from slices having several
different doping levels. Also included are data (when available) from con-
ventional MESFETs fabricated from the same slice. The dependence of microwave
performance on epitaxial doping level is similar to that of MESFETs,6 with
the highest powers obtained with devices having n ~ 8 x 10'6, but with a
broad range of doping levels producing good performance. There is no indication
of superior performance of heavily doped devices as suggested by Pruniaux,
et al.3 The microwave performance of the most heavily doped devices is not
as good as that of some of the more lightly doped devices. For purposes of
comparison, the maximum output powers with 4 dB gain at 8 GHz plotted as a
function of drain bias are illustrated in Tigure 14 for a SIGFET and a MESFET
with 2400 um gate widths, With 8 V drain bias the MESFET has significantly
higher output power, but it saturates at 11 V drain bias, while the SIGFET
continues to increase. The highest output power observed with a 2400 um gate
width SIGFET is 2,69 W with 4 dB gain at 8 GHz. This is 1.12 W/mm gate width
and is higher than for any MESFET yet fabricated., This output power occurred
with 15 V drain bias and saturated at that voltage, probably due to device
heating. Extensive thermal measurements on both SIGFETs and MESFETs indicate
a thermal resistance of 35 to 40°C/W (2400 um gate width). At 15 V drain
bias the active regions of the device in question were probably 150 to 200°C,
which would lead to about 1.5 dB gain degradation.

The SIGFETs exhibited impressive performances at higher frequencies as
well, With 15 V drain bias values up to 1.1 W at 4 dB gain were obtained at
11 GHz. It is possible that the reduced gate capacitance (cg) due to the
semi-insulating layer contributes to the improvements in the high frequency

performance. Although this layer also reduces the transconductance (gm), it
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the Same Slice
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decreases C9 even more, so that the net effect is an increase in the ratio,

gm/Cg. which favorably influences the high frequency characteristics of FETs. ?

Comparison of the rf characteristics of SIGFET and MESFET devices
also included the measurement of their small signal S-parameters, for common

s

source operation. Specifically, S-parameter data were measured for single-cell
(600 um gate width) SIGFET devices from 7 to 12 GHz, and from these measure~
ments the maximum available gain, MAG, was computed. Results indicated that

the SIGFETs fabricated from slice #17375-126A did not exhibit the usual 6 d8/
octave roll-off that is characteristic of the maximum available gain in MESFET
devices, Table 5 shows the S-parameters measured for a SIGFET from this slice,
as well as the computed MAG from 7 to 12 GHz. To check the calculated MAG
(which range from 5.5 + 0.9 dB across the 7 to 12 GHz band), the same device
used in the S-parameter measurements was incorporated in a narrow-band amplifier
circuit and tuned for maximum gain at several spot frequencies from 7 to 12 GHz.
The results indicated close agreement with the calculated MAG obtained from
S-parameter measurements. At first it was postulated that all SIGFET devices
have this ''flat'' gain characteristic. However, further measurements revealed
that both SIGFETs and MESFETs fabricated from slice #17375-126A show this

fairly constant maximum available gain from 7 to 12 GHz and do not exhibit _
the 6 dB/octave gain roll-off that is characteristic of most MESFET devices {3
from other slices. Table 6, for example, shows the S-parameter results for

a MESFET from slice #17375-126A. It is seen that MAG ranges from 6.8 + 1.0 dB
from 7 to 12 GHz. %

To further establish that the flat gain characteristic was attributable
to the slice rather than to the device type, a third set of S-parameter data
was taken on a SIGFET device from another slice, #17375-1051 (those devices

were also used in the pulse measurements). The results are shown in Table 7.

Indeed, these devices did show a definite decrease in MAG over the 7 to 12 GHz
range, approximately 6 dB/octave.
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From the measurements performed it can be concluded that the rel-
atively flat MAG characteristic is exhibited by bcth MESFET and SIGFET
devices from slice #17375-126A. However, this is not characteristic of other
slices. and SIGFETs do not generally exhibit a flat gain characteristic. In
fact, the evidence suggests that SIGFETs and MESFETs fabricated from the same
slice have similar S-parameters. Indeed, a 7.4 to 12,4 GHz SIGFET amplifier
with a gain of 5.5 dB + | dB was developed using a single-cell device with
a total width of 600 um. The gain vs frequency characteristic of this amplifier
is shown in Figure 15. The circuit design was actually based on S-parameters
measured from a one-=cell MESFET fabricated from the same epitaxial wafer
(16375-301IA). This indicates that the presence of a semi-insulating layer
beneath the gate of an FET does not produce a major perturbation in the char-

acteristics of amplifiers produced from such devices.

SIGFET devices were also tested for microwave gain as a function of
the implant parameters. The devices were tested at 8.0 GHz under two conditions:
15 dBm input power at 5§ VSD’ and 20 dBm input power at 8 VSD’ Only single
cells were tested. The devices were tuned for maximum gain using tuning chips
on the microstrip circuit, using slide-screw tuners, and by adjusting gate
bias. These data are presented in Figure 16. Considering the wide variation
in gain observed at constant implant conditions, there is little evidence

here that gain is dependent on implant conditions within the range tested.

Epitaxial SIGFETs were also microwave-tested in the same manner and
exibited gains (4 to 7 dB) equivalent to those of the ion implant produced

SIGFETs.

Z, Pulsed Operation
SIGFETs and MESFETs from the same slice were operated under pulsed

conditions at high drain voltages and rf input power. SIGFET and MESFET one-
cell devices (with 600 um gate widths and 2 ym gate lengths) were tuned up as

e
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Vertical: 2.5 dB/div

Horizontal: 500 MHz/div
(7.4 GHz to 12.4 GHz)

SIGFET: Single Cell (600 um gate width)
Bias: Vp =5V, ID = 149 mA,
VG =-=1.1V
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Figure 15 A 7.4 to 12.4 GHz SIGFET Single-Stage Amplifier with ;
5 dB Smal) Signal Gain
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