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INTRODUCTION

The work described in this report was performed for the Space and
Communications Group, Hughes Aircraft Company, under Requisition Number
599775 dated January 26, 1981. The job description stated that the
Georgia Tech Research Institute was to:

"Analyze four GaAs FETs labeled 'A', 'B', 'C', 'D'
that will be sent under separate cover. Information
desired is a complete description of both horizontal
and vertical geometries. Materials and material
properties associated with these geometries. Semi-
conductor doping profiles, buffer layer quality and
thickness, contact resistance, crystallogographic
orientation of gate, presence of N contacts, gate
recess (if any), drift mobility, and current voltage
curves. Caution: these FETs are subject to damage
from static electricity, equipment voltage spikes
and self oscillation if not terminated with resistive
loads. It is expected that these FETs will be
destroyed during the course of analysis and need not
be returned."

Upon receipt of order, the following tasks were defined:

1) Mount chip and examine optically. Take photograph. Identify gate,
source, and drain pads. Obtain overall and large-scale dimensions from
photograph.

2) Obtain current-voltage curves.

3) Obtain SEM photos and estimate area of gate.

4) Take C-V measurements between gate and source-drain.

5) Slice sample and SEM. Use energy dispersive X-ray analysis
capability of SEM to identify materials. Use voltage contrast capability
to determine thickness (and possible doping profile) of active region.

6) Determine crystallographic orientation of gate by X-ray diffraction

techniques.




During these investigations, Georgia Tech received three separate

shipments of FETs. In each case they were labeled with the manufacturers
name rather than with the letters A, B, C, D as specified in the work
description.

The initial shipment consisted of one chip each from NEC, Mitsubishi,
and Avantek and a number of chips from Hughes, Malibu. One of the Malibu
chips was received mounted in a microstrip circuit which facilitated
probing and handling. In addition, the mounted chip appeared to be stable
electrically whereas the unmounted chips showed signs of instability.
Preliminary investigations on the mounted chip indicated that some of the
basic FET parameters could be calculated from measured d.c. characteristics.
This required the chip to be completely stable under a broad range of
biasing conditions.

A second shipment of Malibu chips, each mounted in a microstrip circuit
were sent for further testing. Each chip appeared to be stable and to be
similar electrically to that of the initial Malibu chip. The current voltage
characteristics of the chips from the second shipment are shown in Figure 1.
A third shipment consisting of two chips from each manufacturer, each mounted
in an actual circuit,was subsequently received. Unfortunately, the chips
from three manufacturers (including those from Malibu) proved to be unstable.
Typical current voltage characteristics showing these instabilities for
selected devices are shown in Figure 2.

An inordinate amount of time was.spent in obtaining the I-V characteristics
of each device. These data were considered important since, in addition to
being one of the primary tasks, it was to be used in calculating effective

values for the doping density and the thickness of the active layer. It was



a. Malibu A-1

b. Malibu A-2 b. NEC-2

—
R, Y
m_
c. Malibu A-3 c. Avantek -2
Figure 1. Malibu Chips, Figure 2. Selected Chips,
Second Shipment Third Shipment



therefore imperative that stable characteristics be measured. Relatively

stable I-V curves were finally obtained by fully enclosing the circuit
mounted FETs in a block of absorbant foam and by judiciously positioning
the probes along the microstrip circuit. The absorbant material had no
noticable effect on the stable regions of the d.c. characteristics but
largely eliminated the instabilities when observed on a curve tracer.
The question of whether the circuit was in fact stable or whether the probes
were just placed in a position to decouple the instabilities from the measur-
ing equipment was not fully resolved.
Another task which received considerable attention was an attempt to
determine the relative doping profile and the thickness of the active layer
by observing cross-sectioned chips on an SEM operating in the voltage-contrast
and sample-current modes. Although no information on doping and thickness re-
sulted from this method, the SEM photographs of cross-sectioned chips proved
to be the best method for determining certain metal thicknesses and gate lengths.
Much of the data presented in the next section were calculated from point-
by-point measurements using the model described by H. Fukui [1,2] and R. Fair
[3]. The equations used to calculate the various parameters are indicated

in the comment column of Table II by (equation) [reference].



NOTATION

open-channel saturation current

drain current

max imum chaﬁne] current

zero-gate-bias channel current
zero-gate-bias drain current

maximum forward-gate-bias drain current
drain current at Vds = ka and Vgs = -Vp
zero-gate-bias drain current at VdS = Vko

drain current at VdS = Vko and V g -V

g p

knee voltage for VgS Vf

0

"

knee voltage for Vgs
drain-source bias voltage
gate-source bias voltage

maximum forward gate bias voltage
extermal gate pinch-off voltage
gate built-in voltage

total gate pinch-off voltage
source series resistance

drain series resistance
gate-source series resistance
free carrier concentration

active channel thickness

gate length



source-gate center length

drain-gate center length

total device width

normalized effective zero-gate-bias parameter
normalized source parasitic parameter
maximum channel opening factor

zero-gate-bias channel opening factor
ideality factor

Tow-field mobility

inherent small-signal transconductance

measured small-signal transconductance



Summary of Results

Photographs of the I-V characteristics of the various chips after
stabilization are shown in Figure 3. The first two photographs illustrate
the electrical differences between the Malibu chips of the first two ship-
ments (similar) and those of the third shipment. Note that the saturated
drain current differs by a factor of about 5. Since other significant
differences were noted during these investigations, chips from the second
and‘third shipments (designated Malibu-A and Malibu-B, respectively) were
included in the analysis.

Most of the measured and calculated parameters for the five devices
are listed in Tables I and II. Various physical parameters such as source-
gate center length, drain-gate center length, gate length, and gate width
were obtained from the optical and SEM photographs of Appendix A. Some
of the electrical data were taken from the curve tracer photographs of
Figures 3 and 4. Many of the calculated parameters were obtained by plotting
and analyzing several sets of d.c. data following the technique of Fukui [1].
Most of this data were taken point-by-point using digital meters in conjunc-
tion with the curve tracer.

The ideality factor, built-in voltage, and RgS were calculated from the
forward I-V characteristics of the gate. The source-drain series resistance
and the external gate pinch-off voltage were determined by plotting drain
current vs gate voltage at a fixed drain bias of 50 mV. Doping density and
active layer thickness were determined by assuming an effective gate length
equal to the measured gate length. Intolerable errors occur when calculating
an effective gate length for devices with short gate lengths and low pinch-

off voltages from measured data. As stated previously, an inordinate amount



Figure 3.

I-v

A
£
1

L s s s SV i SRR

PREAS-EE A

55 i AR . 4 B AR | ARG 5 5 e

ol

ks b ¢ D B e il

b
=

s B s B

e. Avantek

Characteristics with zero offset.




c. Mitsubishi, Vf = ,99 volts d. NEC, Vf = 1.111

Figure 4.

s ey
g 1

S P W AN L ltad i i :
- - | Y |

PO

A

;

A 00|

T Y/ &

i

e. Avantek,'Vf = 1.114 volts

I-V Characteristics with positive offset.

9



TABLE I

Measured Parameters

Parameter Avantek NEC Mitsub. MAL-B MAL-A Comments
Symbo1 Unit Measured Parameters
z mm .250 .275 .300 .300 .300}
From
L u . D % d 0 B optical &
g \. SEM photo-
LS u 1.6 2.2 1.6 1.7 1.7 graphs
Ld u 1.6 .8 3.2 1.5 1:5
J
Vf Vv 1.14 1.11 .99 .99 1.14
If A .122 .101 .091 .061 .108
Ipf A .002 .001 .001 .001 .003
Im A .120 .100 .090 .060 .105 From Curve
Tracer Photo-
Ido A .062 .025 .035 .008 .043 graphs
Ipo A .001 .000 .000 .000 .002
IO A .061 .025 .035 .008 .041
ka Vv 1.00 .70 .75 .65 1.00
gm,sat o) .042 .066 .043 .029 .038 Point-by-
point at
IdSS A .064 .033 .039 .009 .049 Vgg = 3V

10



Calculated Parameters

TABLE II

Parameter Avantek NEC Mitsub. MAL-B MAL-A Comments
Symbo1 Unit Calculated Parameters

n - 1.21 1.34 1.18 1.19 1.14 (30)[1]

vy v .642 .648 .718 .681 693  (27)11]

y v 1.968 .475 1.041 .312 1.290

R Ry Q 6.2 5.6 6.2 7.7 8.0 Ohtedned
R Q 3.1 3.6 2.0 4.0 4.1 by plotting
Ry Q 3.1 2.0 4.2 3.7 3.9 data

Rgs Q 6. 6. 5. 8. 8.

B - 775 .667 .684 .619 744 (8,11)[2]
I A .155 .150 Y32 .097 40 (5)11]

N 107em™3 2.1 3.8 1.6 1.5 1.6 (19)[1]

a u .130 .064 124 .095 130 (20)[1]

5 - .291 .681 .498 .826 .408  (10)[1]

o - .092 .274 .079 .196 150 (11)[1]

y - .396 .165 .265 .075 250 (12)[M

5. A .061 .025 .035 .007 .041 (8)[11]

Ve v .996 .690 .739 .613 .994  (14)[1]

Ve v 1.08 1.09 .97 1.01 1.19 (9)12]

gps Sat d .049 .079 .049 .033 .051 (14)[3]
gp» Sat s .042 .063 .043 .029 .042  (33)[11]
gqo(.030) O .033 .065 .044 .055 .038  (35,33)[1]
g(-040) ¥ .036 .069 .047 .063 .041 (35,33)[1]
ms(Ige) O .044 .066 .047 .044 (35,33)[1]

* These values were calculated assuming Ec - 104 v/cm, W, = 1.4 x 107 cm/sec,

and VC = 0.

11



of time was spent in interpreting data and in correlating it with FET models.

The best agreement between measured values and calculated values using Fukui's
model was obtained with the set of parameters listed in Table II. In this
sense, the parameters listed are considered the most probable values.

An attempt was made to determine the doping profile of the active layer
from C-V data by the conQentiona] technique. This technique requires that
the effective gate area be accurately known and that the capacitance data be
corrected for fringing and other parasitic effects. Unfortunately, these
effects are more important and become more difficult to determine for short
gate devices. Figure 5 shows the results of reducing the C-V data to a doping

6 cm'z. This

density and depletion width using an effective area of 3.76 x 10”
is more than twice the nominal LZ product. Even if correction factors were
applied, the conventional technique would not provide profile information with-
in the zero-bias depletion region. For short-gate and lTow pinch-off devices,
this region occupies a significant portion of the active region. When corre-
lated with other measurements, however, the technique would provide relative
doping information in the region close to the buffer layer.

Another difference between the two types of Malibu FETs had to do with
the source and drain contacts. Figure 2A of the Appendix shows this difference.
Note that the material under the source and drain pads for the Malibu-B and
NEC FETs has a highly granular appearance while the material for the Malibu-A,
Mitsubishi, and Avantek FETs has a more uniform appearance. The granular
or spongy appearance suggests a bi-element alloy contact, probably Ge-Au,
where one element has alloyed into the GaAs. Energy dispersive analysis,
however, could not detect the primary alloying element. The differences in
appearances could, therefore, be due to different alloy time, temperature,

or even material. One exception was the Mitsubishi FET where a high concen-

tration Si was detected in the vicinity of the contacts. This FET may have

12
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a silicon doped N+ layer grown over the active layer. Both layers appear
to have been etched away outside a parameter surrounding the source and
drain. In the region between the source and drain a channel was etched
into the active layer where an aluminum channel was deposited.

Cross sectional sketches of each FET showing certain dimensions which
effect operation are depected in Figure 6. In each case, the gates are
recessed a significant amount into relatively thick active layers. Although
no accurate method of determining the total thickness of the active layer
could be found, it was estimated from the depth of recess (measured from
SEMs) and the fully open channel thickness (calculated) to be between .4 -

.5 microns except for the Avantek FET.

The gates of the Malibu and Avantek chips were approximately centered
between the gate and source contacts. The gates (4) for the Mitsubishi
FET was considerable closer to the source contact. This was probably not
due to miss alignment problems which, because of the geometry, would have
resulted in some of the gates being closer to the sources and others being
closer to the drains. The gate for the NEC FET, however, practically lay
alongside the drain contact which perhaps was due to miss alignment.

The metal thicknesses shown in the sketches are only approximate.
There were some discrepancy between different SEM photographs taken on the
same device in essentially the same region. The thicknesses of the Ni, Ti,
W, Pt layers could not be determined accurately and were, therefore, not
assigned a value.

The calculated values of active layer doping for the Avantek, Mitsubishi

LY 17 _ -3

and Malibu devices were in the 1.5 x 10°" ¢ to 2.1 x 107" cm ~ range with

active layer thicknesses varying from .096 microns to .130 microns. In

14
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contrast, the calculated active layer doping of the NEC device was close to

4 x 10]7 cm'3,a1most twice that of the others,with an active layer thickness

of .064 microns. The latter value is significantly lower than the thicknesses
for the other devices. These parameters, of course, determine the pinch-off
voltage and, together with gate length, are the basic parameters which deter-
mine the intrinsic electrical properties of the device.

The small-signal transconductance of each FET is plotted in Figure 7.
These data were measured fromdrain current vs gate voltage for the constant
drain bias of 3 volts. Although the I-V curve tracer photographs showed
no signs of instabilities for a drain bias of 3 volts, there is evidence
of instabilities in the data plotted, especially for the Malibu-A and
Avantek devices. Calculated values of transconductance are also plotted

for each device. The values indicated by @———@ were calculated from

" (Id) = . and

those indicated by the darkened symbols were calculated by

I
' dss

gm, sat = * = L

2Wp Ng (1 - ng )
where wp = Vp +’Vb,

ng = vb/w , and
_

gm" T
1+ ngm

16
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CONCLUSIONS AND RECOMMENDATIONS

The analysis of processed state-of-the-art microwave FETs proved to be
an interesting but formidable task. These devices are more likely to
oscillate than lower frequency, less sophisticated FETs and special efforts
had to be made to suppress these oscillations. In retrospect, it is felt
that more accurate data would have resulted if contact pads placed on non-
conductive (at d.c.) but lossy (absorbant at RF frequencies) material such
as Eccosorb had been used rather than the microstrip circuit. Using the

conductors of an actual RF circuit probably added to the problems of in-

stability.

Because of the numerous parameters involved in FET operation, both
physical and material, and the intractability of these parameters from
non-uniformly doped models, it seems unlikely that accurate, detailed struc-
tural information such as doping profile can be resolved from d.c. measure-
ments unless many of the other parameters are determined beforehand by
other methods. This prompted the efforts to determine active layer thick-
ness by using the sample-current contrast capability of the SEM with only
limited results. Profile determination by the conventional technique,
also, proved inaccurate due to fringing effects and the uncertainty in
effective gate area.

The doping profile in the active layer, of course, effects the
linearity of the device. Some of the efforts on this analysis suggest
that the actual doping profile of a FET can be determined more accurately
during device development. This will allow large area test gates to be
formed at selected spots on the wafer during FET processing for profile

evaluation.

18
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It is always satisfying to obtain good correlation between measured
device parameters and measured performance. Gain and noise figure data
accompanied the third shipment of FETs consisting of two chips, #1 and
#2, from each manufacturer mounted in a microwave circuit. Attempts to

correlate that data with theoretical expectations based on the parameters

of this analysis met with mixed results.

The data analyzed in this report were taken on chip #2 of each manu-
facturer. The measured noise figure for the circuits containing these
chips were all essentially 3.4 db except for the one containing the NEC chip
which was 2.17 db. The measured basic FET parameters of this chip were
significantly different from the others, i.e., the doping density and
thickness of the active layer for this device were about 4.0 x 10]7 cm—3
and .06 microns, respectively, while those for the other FETs were between

1.5 - 2.0 x 1017 em3

and .10 - .13 microns. The FET also had a significantly
larger small-signal transconductance value at its saturation current than the
others. On the other hand, both circuits containing the Mitsubishi chip gave
noise figures below the average of the sample yet SEM photographs indicated
it had the Tongest gate length.

These attempts to correlate parameters to performance, however, are
based on a small sample and, therefore, subject to unknown errors. The
noise figure data supplied show 1little statistical differences among the
devices. The circuit containing NEC #1 and NEC #2, for example, gave noise
figures of 2.62 dB and 2.17 dB, respectively. The noise figures of all other
circuits except that containing Avantek #1 (2.73 db) fell within the range.
This raises several questions. Are these noise figure differences due to

differences in test conditions or are they due to actual differences in

device parameters? If the latter, how uniform are the chips of a particular

19




manufacturer. Since only one chip from each manufacturer was analyzed,

are the parameters obtained typical of that type device?

20
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APPENDIX A

Optical And SEM Photographs And Energy

Dispersive X-Ray Data
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Figure 1A. Microphotographs of Chips.
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Figure 4A. SEM Photographs of NEC Chip.
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Figure 5A. SEM Photograph of Avantek Chip.
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Figure 6A. Cross-section (90° tilt) of Avantek Chip.
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Figure 7A. Energy Dispersive Analysis of Malibu FET in the Vacinity
of Gate Region.
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