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ABSTRACT

The objective of this program was to perform research on the
Opposed Gate-Source Transistor (0GST) for the millimeter wave regime.
This is the final technical report from this program. Progress described
in this report concerns the development of self aligned lithography
processes for fabricatire a source contact opposite the gate electrode
on a 200 nm GaAs membrane, the processing of an ohmic source contact,
the fabrication of a Schottky gate contact compatible with the high tem-
perature processing of the source contact, and the electrical character-
ization of the transistors. The analysis of the discrete device and

distributed interaction operation was also carried out.

The goal of fabricating a working transistor was accomplished, but
mounting in a microwave fixture degraded the performance so that posi-
tive gain at microwave frequencies could not be demonstrated. Probe
measurements, however, showed oscillations it the gate and drain cir-
cuits were not properly terminated. Three types of lithogranhy have
been investigated, E-Beam, UV and X-ray. E-Beam and UV lithographies
have been developed and used to make complete dual surface transistor
structures on 200 nm membranes of GaAs with the requisite auarter micron
electrode geometries. X-rays have been used to make a positive image of
a 0.3 pm gate electrode on a 3 pm silicon membrane. Low frequency
measurment” have been obtained for these 200 nm membrane OGST's. For the
demonstrated quarter micron source length made with 20 kV e-Ream lithne-
raphy and with UV lithography the corresponding gate length =t an

equivalent conventional FET would be less than 0.25 jm.
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Extensive computer modelling of the OGST structure has been carried
out to evaluate the drain saturation and pinch-off, to show that the
ef fects of asymmetry in the gate source fabrication are a mild degreda-
tion, to evaluate the inteielectrode capacitances, to evaluate the step
recovery time of the transistor, and to study the distributed interac-
tion. All of these calculations support the view that the transistor
should work well, as predicted, at 100 GHz. 1In addition, process simu-

lations for dual surface lithographies have been carried out.

Finally, computerized vector and scalar network analyzers have been
designed, constructed, and tested at Ka-Band and at W-Band. A W-Band
waveguide to microstrip adapter supplied by TRW has been tested at W-

Band and this design has been scaled to Ka-Band and tested.
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o (a) » Cgs (b) and fT (¢) as a function of net shift of
the source contact away from the central axis, towards the

=3V, V = EZAVTTTYIY: LYY eeees 112
de g8

right drain (ALS). for V
Current at the right drain terminal (Idr) (a), current at
the left drain terminal (Idl) (b) and the total source
current (IS) as a function of the difference between

the voltage at the left and right drain (le-Vdr). for

Vdr S B B ceees 114

. Terminal currents at the drain (Id) (a), source (IS) (b)

and gate (Ig) (c) as a funtiog of time, for a gate step,

(vds = 3V, vgs(O) = 0V, vgs(o ) = -2V ), using

'ballistic' and quasi-static transport data, respectively.

See Fig. 43 for positive directions of the currentsS.......... 115

. Contour nlots of the mobile carrier density (n) for
t = 0.025, 0.050, 0.075, 0.10, 0.15; 0.20 (psec) for a gate
step, (vds = 3V. VQS(O) = OV. \ (0 ) = -2V )’

g8
using the 'ballistic' transport data. The values of the

contours are 2.9+2.8+2.0,1.5,1.0,0.8,0.6,0.4,0.1,0.05
(x1017 em™3) e, = I e 117

. Contour plots of the electro-static potetial (¥) for
t = 0.025, 0.05, 0.075, 0.10, 0.15, 0.20 (ps) for a gate

+
stey, (vdS = 3V, vgs(o) =0V, vzs(o ) = -2v)

using 'ballistic' transport data. The values of the contours
are 2.5, 2, 1.5, 1, 0.5, 0, =0.5, =1, ~1.5 Viceeeeoononnno oo 118

. Contour plots of the mobile carrier density (n) for

t = 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 1.5, 2.0 (ps) for a gate

step, using quasi-static transport data. See Fig. 54 for
details..eeeeeneens 003003 M o 000 0C 0000O0C 0000000 A b0 00 3 119

. Contour plots of the electro-static potential (B) for

t =0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 1.5, 2.0 (ps) for a gate

step, using quasi-static transport data. See Fig. 55 for

deitTal N S e pepepe L R Ro ORI R T AR L R * Ao @ S0O0JoCOR Qe 00000000 OO C000T 120

. Terminal currents Id (a) , IS (b) and 1_ (c) for a
drain step, as a function of time, (V ¢ C ov, Vds(O) =0V,
vds(0+) = -2V), using the 'ballistic' and quasi-static
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1. INTRODUCTION AND PROGRAM OBJECTIVES

The OGST design facilitates the reduction of parasitic inductances
and capacitances between the intrinsic transistor and the external cir-
cuit that limit the frequency petvformance of the GaAs FET. In a conven-
tional transistor design, using a lumped element approach, and assuming
a total gate width of 100 pm for moderate power capability, the discon-
tinui = s between the input transmission line and the transistor will
usually increase the input capacitance. In the conventional design of
MESFET this parasitic capacitance can be an order of magnitude greater
than the intrinsic gate-source capacitance. This increased input capa-
citance along with the source and gate inductances will generally
resonate at a frequency much below 100 GHz. Another difficulty posed by
the large gate width chosen for high power is the attenuation of the
input signal along the gate line. A straightforward way of reducing
this attenuation, and consequently reducing the source and gate line
inductances as well as the gate resistance, is to parallel many gate and
source fingers of a relatively short width. This solution, however,
increases the difficulty of matching the gate and source to the input
transmission line and leads to a larger increase of the g¢ate-source
capacitance. Parallelling many gate and drain fingers also leads to an
undesirable decrease in the drain output impedance. The OGST design
minimizes the electrode losses along the width of the device relative to
all other designs. The principal limitation of most transistors 1is a
large input capacitance several times that of the activ' gate electrode
and a large source inductance for mm-wave operation even with via-hole

construction. Thus the attainment of high power operation is severely

14

T T
-

s S

SR

— v,
o B M X R

[ X e

A e e ol gy

T2 g

SO

v
L

"2

“
A

e
e r X'

e

2

A
- =

-

RSP P

1

-

"

L
>

\
-
o
LY
'!




S o I A o s

|
]
!
y

¥
i“!
'S
i
7
%
penetration for the source contact. A promising candidate for such a 5
Ld
o1
contact is one made of molybdenum germanide [1]. Only fragmentary "
L
descriptions of this contact exist in the literature and those descrip- -
o
i
tions were not consistent with our observations. As a consequence, ﬁ
ke
extensive effort, in collaboration with Prof. G. Morrison of the Cornell B
-

<
=

Chemistry Department, has been made to characterize its properties for

T

ugse in the OGST. 1In spite of the work invested in the Mo-Ge contact, b
.
the transistors were fabricated with a Au-Ge alloyed source contact [2] 7
s
because the lower processing temperature of the Au-Ge substantially %
T,
reduced the number of processing steps. Following the ohmic contact K
'.4
'
work, there are several subsections on device design, simlation and '
d
analysis of the O0GST; this part also includes processing simulations. .
it
The final section of the report describes the computerized mm-wave net- t:
&
work analyzers in Ku-Band and W-Band that were designed and constructed "
lk,
for characterization of the OGST. This section also describes the char- b
acterization of the W-Band waveguide-microstrip transition donated by iy
TRW and the scaline and characterization of a Ka-Band version of this J
\l
waveguide-microstrip transition. Finally. there is a description of the >
t‘:
mounting and microwave testing of completed OGST's. o
b
',"
=
.
9
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-
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e
1
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2. TECHNICAL RESULYS

2.1 DEVICE FABRICATION

2.1.1 OGST Processing Schedule

The transistor processing schedule is divided roughly into three
main parts. The first part is devoted to fabrication of the gate struc-
ture on the active layer. Two approaches have been used for fabricating
submicromet.r gate lengths. One of these utilizes plating the gate in a
channel that has been reactively ion-etched in a thick layer of
polyimide; the other method directly etches the gate pattern in a 0.7 pm
layer of tungsten using a carbon tetrafluoride plasma. The second stage
of processing is concerned with etching an array of thin membranes that
are approximately 80 x 100 pm and are aligned with the gate array by
means of an infrared aligner. The third stage of processing deals with
the fabrication of the source contact by a self aligned dual surface

exposure through the active layer of the transistor.

Electrons., UV and X-rays have been investigated for carrying out
the dual surface exposure. To evaluate the relative advantages of these
exposure mechanisms ore must consider the gate and source dimensions and
the thickness of material through which the exposure must be made. The
optimum OGST design calls for a source length that is about one half the
gate length. The total thickness of material through which the exposure
must be made may comprise 0.2 pm of GaAs, 0.1 um of AlGaAs, 0.3 pm of
polyimide, and 0.3 ym of a negative resiet. In all this represents a
thickness of some 0.9 ym for the X-rays, the electrons or the UV photons

to travel. For X-rays this thickness presents no essential difficulty,

18
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but obtaining a source image roughly half that of the gate length &
8.

requires the use of some spacer technology which remains to be evaluated ;
o

since X-ray lithography was only carried far enough to demonstrate a Q
h

positive source image of the requisite dimension. Using electrons of S
the proper acceleration potential one can control the lateral spreading g
: : : : r

to achieve the desired source length in the self-aligned exposure as 1is %
. 2

illustrated in Fig. 1. We have also demonstrated that exposure control R
[

of UV and diffraction can be used to control the source image length to 4
N’

the required dimensions. For a strong X-ray source one must use a syn-

¥ g2

‘- dew

chrotron source, while strong electron sources and UV sources are

¥

readily available. Process modelling for a total membrane and resist 4
a

thickness of 1 pm had seemed to indicate that electrons of 100 kV would Q
Y

be necessary to fabricate a 0.25 pm source, but our investigations show ol
that by utilizing exposure-contrast control a 0.25 pam source contact can é
N

Y

be imaged using only the 30 kV electrons available in the Cambridge '3
l\‘

A

EBMF-2 microscope. ts
: : . '.i'

The common starting material for E-Beam, UV and X-ray processing By

-\‘I

was MBE grown wafers purchased from TRW (Dr. John Berenz). There are 1
. - . . l"

two epitaxial layers grown on a semi-insulating GaAs substrate. The W
first is an undoped layer of 1000 & of Al 3Ga 7As, which is used as an o
. . X

etch stop layer, and the second is the active GaAs layer, which is 2000 o
17, 3 »

2 thick with a donor density of 2 x 10 '/em™. The two inch diameter -
u

wafers received from TRW are cleaved into 8.8 x 8.8 mm chips. This size e
o

accomodates a 7 x 7 array of transistors and test sturctures located ::
within a 7 x 7 array of 80 x 100 ym membrane windows to be etched in the 7?
H

substrate. 2
.

e

A

o
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Figure 1 Schematic drawing of the self-aligned source exposure using
electrons showing how the lateral scattering of the electrons

narrows the source image relative to the gate electrode.
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2.1.1.1 Fabrication of Membrane Array (K. Rauschenbach and C. A. Lee)

On the active layer of the cleaved sample, E-Beam lithography is
used to define an array of implanted drain contacts and gate structures
(the specific procedures for X-ray, E-Beam and UV dual surface exposures
will be given in later sections). The sample with topside active layer
contacts is then thinned to a thickness of 75pm and mounted on a sap-
phire plate. A polyimide etch mask is fabricated and registered with
the gate electrodes on the semi-insulating side by the procedure given
in Table I. To withstand the selective etch used to remove the sub-
strate from the area of the membrane the polyimide etch mask must be
hard baked. After such baking, however, it is very difficul’ to remove.
With the etch mask in place, spin coating resist onto the membrane for
the source lithography presents some difficulties in obt2ining a uniform
coating of the membrane. These difficulties prompted us to develop

another masking procedure.

A much superior etch mask was developed that comprised some 400 )
of nickel which was patterned by conventional lithography to open un 80
x 100 pm areas in the nickel. Not only did the presence of the nickel
improve the smoothness of the selective etch used to remove the sub-
strate, but the coating was thin enough to wash away from the undercut
area around the membrane. In addition, the thickness of the requirad
nickel coating still permitted the etch mask to be registered with the
gate electrode array with an infrared aligner. With the nickel etch
mask and 75 pm asubstrates very uniform resist coatings could be spun

onto the membranes for the source lithography.
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Table I: Processing Schednle Etching for Thin CaAs Membranes

(K. Rauschenbach, and C. A. Lee)

II. Lap samples to uniform thickness, 10 mils.

III. Polish samples to approximately 3 mils depending on the
dimensions of the window. "
1) A standard solution of Clorox is adequite for polishing. ‘

2) Polish with a force of about 100 gm/cm”.

|
I. Scribe wafer into desired geometry (e.g. 9 mm by 9 mm squares). 3
(
|

.

;

IV. Mounting of Sampl:s for Etching. 3
1) On an opticelly polished sapphire disk, spin on Ciba-Geigy !
polyimide. g

2) Place the GaAs sample onto the partially dried polyimide %
film. q

3) Cure the polyimide cementing the sample to the sapphire b
disk under the following conditions: h

a) Bake at 80 °C for 30 min. !

b) Bake at 150 °C for 15 min. ;

c) Bake at 225 °C for 15 min. "

4) Immediately after the sample has returned to ambient .
temperature begin fabricating the etch magsk as described g

in step V. i

V. Fabrication of the Polyimide Etch Mask. 0
1) Preparation of Pyralin adhesion promoter. h
a) Mix a solution of 0.05Z DuPont Pyralin VM651 )
organo-silane diluted with 90% methanol and 10% ;

de-ionized water. Allow 24 hours for reduction. I

2) Apply adhesion promoter and spin at 5000 RPM for 60 .
gseconds. j

3) Spin on DuPont Pyralin PI-2555 at 5000 RPM for at least I
60 sec. g

4) Partial imidization of the PI-2555 is accomplished as ‘
follows: i

a) Stabilize the oven temperature 1 hr at 137 °C.
b) Bake sample at exactly 137 °C for exactly 30 min.
c¢) Let sample return to room temperature before
proceeding to the next step of vapor phase
priming.
5) Vapor phase priming for the mask:
6) Spin on Shippley S$-1400-31 at 5000 RPM for 60 sec. This
yields a film thickness of approximately 2 um.
7) Soft bake the photoresist at 90 °C for 30 min after oven
temperature recovery.
8) Expose the etch mask pattern in an infrared aligner to

c ¥ & X

P
F. Sy "3

"% s X a * i@

register the 80 x100 pm openings with the array of gate i
contacts on the other side of the wafer. Adjust the >
exposure energy for a development and etch time of 60 .
w

“I

\\

3
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sec.

9) Spin-spray develop the sample. Calibrate air pressure in
the spray nozzle and the RPM of the spinner for uniform
development and etching.

10) Cure the etch mask according to the following schedule:

a) Bake at 300 °C for 30 min.

b) Bake at 400 °C for 30 min.

’ c) Bake at 450 °C for 10 min.
This schedule will fully cure the polyimide etch mask.

VI. Jet Etching of Thin Mewbranes.
1) Use a selective etch solution composed of 30% hydrogen
peroxide and ammonium hydroxide to etch the GaAs
substrate down to the Aleal_xAs stop layer. Experiments

e r i i e A

i e

were performed on the GaAs-AlGaAs interface to determine
an etch concentration which maximizes selectivity while
atill producing a polished and uniform surface. The
optimum mixture was found to be a 25:1 solution of 30%
hydrogen peroxide and amnonium hydroxide adjusted to a pH
of 8.4. This etch has been successfully used with stop
layers with the aluminum concentration, x, in the

range of 0.3 to 0.5.
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2.1.2 Device Processing Schedule Using X-ray Lithography

(J.P.Krusius, J. Nulman, and A. Perera)

In the exploratory process simulations described in Sec. 2.2.1 il

was found that x-rays allow the thickest membranes and provide the smal-

B pu e

lest feature sizes in selt-aligned dual surface lithography. Contrary to

conventional x-ray lithography, which is mainly limited by geometrical

r

—

image distortion (penumbral blur, lateral magnification error), and

. Tl

layer to layer registration, self-aligned dual surface lithography is

B T W

primarily constrained by the range of x-ray generated photoelectrons.

e A 4

This is of the order of 20 nm. 200 nm wide backside lines in PMMA have Q
¢

been demonstrated in this work with membranes as thick as 3 pm. With x- ﬁ
rays it 1is thus be possible to to salign the gate and source lines g
ideally with no offset and an undercut of only 20 nm per edge. It is E
anticipated that self-aligned dual surface x-ray lithography will have i
3

future applications in microfabrication well beyond the OGST. :
"v

:i

2.1.2.1 Demonstration of Self-Aligned Dual Surface Lithography !
Self-aligned dual surface X-ray lithography has been demonstrated ;

in this work for the first time. Since no past experience was available A
it was decided to perform this demonstration with relatively thick sili- 5
con membranes preparcd by wet chemical etching using a heavily boron E
doped surface layer as the etch stop. Membranes in Si are easier to make 5
than in GaAs, and they are mechanically much easier to handle in further :
processing, and can be made much thicker than GaAs membranes. Here about :
.

3 pm thick large area membranes were used. E
(

b af i,
5
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. brief overview of the demonstration process is given in Table
II. A detailed process schedule can be found in Appendix 1. Arrays of
3 pm thick 6 mm x 6 mm wide membranes were fabricated on silicon wafers
using boroa predeposition and selective chemical etching with pyro-
cathecol. Si3N4 was used as the diffusion and etch maszk. The top surface
X-ray absorbDer mask is made using Au electroplating into resist windows.
Pattern definition was accomplished with direct electron beam writing on
the high resolution tri-layer resist PMMA/SiOz/Polyimide [3]. The
resulting resist image written with the Cambridge EBFMZ-150 pattern gen-
erator is shown in Fig. 2, the electroplated line prior to resist remo-
val in Fig. 3, and the final electroplated top side 600 nm thick Au
absorber mask line in Fig. 4. The X-ray exposure was performed with CuL
X-rays produced by bombarding a copper plate in vacuum with electrons
with an energy less than 6 keV with the exploratory X-ray system at the
National Submicron Facility. Fig. 5 shows an overview of such back

side PMMA lines on the 35i membrane. The lines and spaces =re 300 nm and

Y T R e e i T R T R e e e i ol

500 nm wide respectively. Fig. 6 shows the cross section of a back side I
regist line profile on the Si membrane after cleaving. A sharper image
is difficult to obtain because of the thin regist and its charging dur-
ing SEM inspection. The line width is about 200 nm and the aspect ratio
about 2:1. Walls are vertical. This linewidth corresponds to the minimum
linewidth of the top surface Au absorber. The self-aligned undercut
induced by the X-rays appears very small., although no systematic meas-

urements of it have vet been made. More details are given in Ref. [4].

The above demonstration thus clearly shows that the developed

gelf-aligned dnal surface x-ray lithography exceeds both minimum
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Table II. Process Outline for Self-Aligned Dual Surface ﬁ
X-Ray Lithography. g

1 define membrane

2 evaporate 50 A Cr and 150 A Au to form plating base

3 gspin on 1 ym polyimide (Ciba Geigy XU285),

deposit 300 A Si0O, interlayer using plasma

enhanced CVD, spinl on 1500 A PMMA to form tri-layer
resist structure

expose with Cambrige EBMF2-150

develop image in PMMA, transfer image through Si0O, and
polyimide using reactive ion etching with CHF3 ana
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0
6 e%ectroplate Au to thickness of 8000 A (SelRex BEBT 500)
7 strip resist layer
8 ion mill excess plating base (Ar, 500 eV)
9
1
1

5 A
-

e

spin on 1500 A PMMA resist on back side <
0 expose witihh Cu, X-rays 1
1 develop back side image -
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Figure 2 Tri-layer gate level resist imace after complete pattern
transfer.
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Figure 3 Electroplated gate line after completion of plating.
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Figure 4 Micrograph of 300 nm wide Au X-ray mask line with an aspect
ratio of 3:1.

29

Ty

ESELRE=NETE

-

1 TVERLEEI, A

1]
- N

e T SR A

—
-



SerflETTSRTTTRE TR e TR EET AT AT TR AN TR AT NN N A STV S T A TR F A FIREA SN a N EN NS T TN TSR Y R RS AR ESVE L RSN M TVE T AT RS UM TR O T

Figure 5 Micrograph of developed back side PMMA layer under the Si mem-
brane. PMMA lines have a light appearance.

30

e LR R R 7 B e

.

B7” S a e B U O U W U A T U R e U N ]

e 8 8 ® 4

RN EEE R s



N AT T AT LT T e 1T L AT LR AT AT A SLA TV WU R RN A PR TS e NSRS R - RN VR N VR R R A L E WL RS T S L AR T TR EREE R L IR VR SRR TR SRR,

_T?.;'

o

b

AR X

g ) SL SRS SR S0 00 g% v B S e

D T

=1 o R Y e R
'..‘, :";f;'ﬁ- AT G i e T l".l.‘.

-

5 D T, A &

oy

.

J“r 4 2aty

A

W R Lene n
'3 z ™ .
Yl x X e T W
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linewidth and alignment requirements defined by the millimeter wave

OGST.

2.1.2.2 Integration of Self-Aligned Dual Surface X-Ray Lithography into

Fabrication Process

T T ETY  Tegaly U B M ey Y W KT g Y-y Y W B earae e e e B

In the following discussion we will show how the above novel self-

aligned dual surface x-ray lithography can be applied to make millimeter E
wave OGST devices with an ideal symmetric structure. Two approaches to k
process integration have been considered, which differ in the realiza- E
A

tion of the thin substrate regions needed for the self-aligned dual sur- ‘:
face lithography. The first one is based on selective thin membrane g
areas etched into a thicker substrate. Complete substrate removal with S
membrane islands supported by a suitable support structure constitutes 5
the second approach. In both cases the same fabrication steps are used %
for the top surface gate and drain electrodes. ﬁ
The starting material consist of 2000 A GaAs and 1000 A AlGaAs |
films grown by MBE on semi-insulating (S.I.) GaAs substrates. First the g
gate areas are defined as follows. 2000 A of TiW gate metal is first E
sputter deposited followed by an evaporation of 50 A of Cr and 200 A of %
Au. The latter two materials are needed as a plating base for subsequent Z:
Au electroplating. Next a tri-layer high resolution electren beam resist ;
structure [4] composed of 1.0 um polyimide, 400 A of plasma enhanced CVD éi
Si02. and 1500 A of PMMA is applied on top of the existing composite E
Au/Cr/TiW film. Then the gate level image is written into the top PMMA :ﬁ
layer with electron beam direct writing. After developing the exposed 5%
patterns and succesive image transfer through the SiO2 and polyimide EE
*

‘v_,
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using reactive ion etching (RIE) in CHF3 and 02 ambients respectively
(Fig. 2), Au is electroplated to a thickness of 8000 A (Fig. 3). The
BDT-510 electrolyte [5] was chosen as the Au source, since it does not
erode the plating mask and produces stress free films at a deposition
rate of 2000 A/min at a 50 C bath temperature. After stripping the
organic resist in 02 plasma, and Ar ion milling is used to remove the
excess plating base. The TiW layer was finally etched with CF4 RIE. The
ohmic drains contacts are then defined by conventional optical lithog-
raphy and conventional Au:Ge contact metallurgy. An alternative is to
define the drain areas after the source. This completes the fabrication

of the top surface structures.

In the first approach for the self-aligned dual surface x-ray
lithography (devices on thin membrane areas, see Fig. 7) an infrared
aligner is used to define the membrane area from the back of the wafer.
This alignment is non-critical. A selective etch of the S.I. GaAs sub-
gtrate with the ‘AlGaAs acting as a stop layer follows. A mixture of
hydrogen peroxide and ammonium hydroxide is used as an etch. A thin
layer of Si3N4 is then deposited onto the back surface. Subsequently
the high resolution resist PMMA resist is spun on the back surface. With
a substrate thinned down to 1-2 mils a reasonably uniform resist coating
should result. In the second basic appraoch (substrate removed device,
see Fig. 8), the wafer is mounted on a metal ring with a glass support
using polyimide. The S.I. GaAs is then selectively removed with a wet

etch. A CVD Si.N, film used for passivation is then deposited and PMMA

374

resist spun on the back side. In this approach PMMA has to cover a much

shallower structure than in the first case (2000-5000 A), and thus a
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23 WSi2 AuGe
TOP GaAs
DONE , — 1 AlGaAs

S [y A 2
’ L ¥ e ,’ I SJ_G ES
bk / . s

) S

DI G Au D2
L AuGe

SDXL
DONE

AIGaAs

S1GaAs
SiJN4

PMMA

D1 G Au D2

BOTTOM ™3 WSi2 " AugGe
DONE GaAs
AlGaAs

S 1GaAs
Si3N4
A1203
Au

Figure 7 Process sequence for membrane type OGST devices.
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Figure 8 Process sequence for substrate removed OGST devices. <
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more uniform coating will obtained. Backside materials and layer
thicknesses are subject to change pending on the findings of the phase

matching conditions for distributed interaction (Sec. 2.2.2).

Soft x-rays, such as the CuL line, are then in both cases used for

the self-aligned back side resist exposure. An example of such an

exposed and developed 2000 A wide line in 1500 A back side PMMA resist

T8 £ AR R M oy S B O R M e s el W OB W W W W IR kA e

is shown in Fig. 6. Aluminum lift-off, or local plasma oxidation a sub-

ol

stitutional aluminum layer [6], is then used to invert the source pat-

= w_a =

tern. Pattern transfer through the Si3N4 and the AlGaAs layers to the

o 4

active GaAs layer is accomplished with RIE. A film deposited via plasma 2
enhanced CVD followed by anisotropic RIE can be used to trim the width ﬁ

*
of the source electrode line to a value given by device desigr. This 5
technique is the inverse of outside spacers often used e.g. for self- s
aligned short gate MOS devices. For the above device dimensions an 2

N

inside spacer layer thickness of about 800 A is needed. Finally an Au:Ge

) o

2 x T e

source metal cuntact layer is deposited and alloyed using rapid thermal

annealing in order to minimize erosion of the active layer. Finally g
v

back surface metal ground plane is evaporated. {
of

.

LJ

2.1.2.3. Layout Design of OGST Test Chip :
A test chip based ~n mixed optical projection lithography and elec- -

tron beam direct write lithography has been designed. The chip measures :
'

6.5 mm x 6.5 mm with a 2x2 array of 3.2 mm x 3.2 mm electron beam sub- ?
.‘1

. . . l’
fields. The optical lithography covers the full chip area. The layout Ic
design includes a total of six layers to be patterned. Electron beam >
D

lithography is used for gate and drain levels only (Table III). The A
36 -
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Table IXII. Mazk

Levels of OGST Chip

Level Label Lithography Color
1 Gate E-Beam Red
2 Membrane Ontical Black
3 Source X-Ray Unspecified
4 Drain E-Beam Blue
5 Isolation Optical Orange
6 Metal Optical Purple
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gsource level 1is accomplished with self-aligned dual surface x-ray
lithography. The remaining layers defined with optical projection
lithography are as follows: membrane definition, device isolation, and
global metal for pads. Membranes of 100 pra x 80 pm size were placed on
a 1 mm square grid in each subfield. 70 different test structures and
O0GST's were placed on the 36 membranes. The OGST array with 36 different
devices had gate lengths from 0.3 to 1.0 um and gate width of 40 and 70
pm. The 24 designed test structures were loosely coupled OGST type gate
and drain microsirip lines with similar widths and lengths and are
intended for characterization and parameter extraction on the network
analyzer. Typical layouts of OGST devices and microstrip lines are shown

in Fig. 9 and 10.

2.1.2.4 Process Schedule for Membrane Devices Based on Self-Aligned Dual

Surface X-Ray Lithography

The fabrication process based on etched membranes (Sec. 2.1.2.2)
aud self-aligned dual surface lithography (2.1.2.1) has been explored
further. All patterning was performed according to the layout described
in Sec. 2.1.2.3. A process run was started late 1985. The detailed pro-
cess schedule is given in Appendix II. The run was delayed for several
months because of the unavailability of the electron beam pattern gen-
erator. A chip, with the process completed until the gate level, were
reaay for membrane etching mid April 1986. The membrane etching has not
been completed, and hence this process has not been explored further

yet.
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Figure 9 Typical layout of OGST device with three paralleled gate
fingers.
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100 um

Figure 10 Typical layout of gate-line type microstrip test structure and
0GST with two gate fingers on same membrane.
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2.1.3 Device Processing Schedule Using E-Beam and UV Lithography

(K. Rauschenbach, C. A. Lee)

2.1.3.1 Gate, Membrane and Source-Image Fabrication and Evaluation

A number of changes are introduced in the processing by using elec-
trons for the dual surface self-aligned exposure. Some of these differ-
ences are fundamental such as the ability to use a negative resist for
the self-aligned exposure and to use the electron scattering in the mem-
brane plus the resist layers on it to obtain a source length that is
about half that of the gate electrode. Simulations of the energy depo-
sition of high voltage electrons indicated that fabrication of the sub-
micrometer millimeter-wave structure would require 100 kV electrons when
lateral scattering througn several layers of semiconductor and resist
were accounted for. Our experiments demonstrate, however, that 30 kV
electrons, available in the EBMF2 microscope, are sufficient for tfabri-
cating source images of less than a quarter micrometer. The explanation
lies in the high contrast of the resist and control of the exposure used
for the dual surfaze lithography. We have shown that a two to one ratio
of gate to scurce lengths can be attained for 30 kV electrons if the
gate electrode is some 500 nm long. With these dimensions, which are
equivalent to a 250 nm gate length 1in a conventional FET, the self
aligned source fabrication process by E-beam exposure is simpler and can
be carried out in an instrument with a high degree of control over the
exposure process. We have also demonstrated that dual surface self
aligned UV exposures can be controlled in a similar manner to yield the
required resolution for a quarter micron source image. It may seem

surprising that a resolution in the quarter micron range can be achieved
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with UV exposures, but it must be remembered that 1in the dual surface
exposure the mask is conformal and ihe very high refractive index of the
membrane reduces the effective wavelength thus limiting the edge dif-

fraction to much less than is possible with normal contact printing. .

For E-Beam and UV processing, a 7 x 7 array of gate structur ; and
drain contacts are made as shown in Fig. 1l. The drain contacts are
implanted through a mask, but are not metallized until later in the pro-
cessing because the metallization would interfere with the dual surface
exposure. The gates in this array are of different lengths, from 0.25
to 2.0 pym in order to yield information on the exposvre control and
resolution of the dual surface self-aligned exposure. The Jotted line
surrounding the active area in Fig. 11 is 7~ 1ed late in the processing
and serves tn eliminate some end effects on each transistor and to iso-
late each transistor in the array, but in the transistors fabricated to

date this refinement has been dispensed with.

To fabricate the gate electrodes a 700 nm film of tungsten is sput-
tered over the et ire 9 x 9 mm wafer. On top of the tungsten there 1s a
30 nm overlayer of nickel. PMMA is spun onto the nickel and the posi-
tive gate patterns are exposed in the EBMF2. The nickel in the gate
patterns 1is oxidized and the resist and remaining nickel are removed.
The negative gate patterns are then reactively ion-etched. Figure 12a 5

!
shows a 0.2 um gate of foreshortened height and Fig. 12b. which is an i
end on view of the tungsten layer shows the height to be 0.6 um. The |

gas used in the reactive ion etching was CF4. Previous reports [7] had :
1

indicated that the undercutting was severe when gratings were etched

with this gas , but with only a single line the undercutting or overcnt-
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Figure 11 Layout of the gate, and drain electrodes with contact pads.
The dotted line shows the active area of the transistor and
the membrane area 1is just slightly larger, about 80 x 100 pm.
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Figure 12 a)SEM photograph of a 0.2 pm wide tungsten gate electrode;
b)end on view of the tungsten layer to determine the height of
the gate electrode in a) which is foreshortened by the angle
of viewing.
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ting can be controlled by the gas pressure and the rf power. This reac-

s

*
e g

tive ion etching procedure is simpler and less critical than plating the

i

)
A

s

lines in a channel.

o
wataqlat

After fabricating the gate array the wafer is then thinned down on

the semi-insulating side and mounted on a sapphire disk in preparation

e W e

tor making the etch mask according to the procedure described in Table

[T S
(3
-

o

I. It was observed that after the high temperature baking of the mask

(step V.10 of Table I), which was necessary for the mask to withstand

!

"3

selective etching of the semi-~insulating GaAs, the sample with the mem- @

(€5,

\'-(

branes was sometimes difficult to remove. This problem was overcome by g

removing the sample from the sapphire disk before baking the mask at é

"

high temperature. Later use of a nickel etch mask simplified this pro- ;

cedure by eliminating the need for hard baking of the mask. Figure 13a I

shows the wafer after etching the membranes as viewed from the semi- 4

insulating side and in incident light. Figure 13b shows the same view Q

of the wafer except that the illumination 1is mostly transmitted light ﬁ

enabling one to view the transparent membranes. The aluminum concentra- J
tion of the =top layer was only 307 and the thickness was only 100 mm,
which 1s on the borderline for selectivity of the etch between GaAs and

. . A

AlGaAs. Nevertheless, the vyield of usable membranes was routinely g

greater than 90%, barring any defects 1in the MBE wafer. Both the ﬁ

h'

polyimide and the nickel etch masks were sufficiently stable to with- >

¢

stand the hot hydrofluoric acid bath used to remove the AlGaAs stop KL

&

lavyer. ;

l"\-

~

L

The next objective was to image the gate electrode in a negative o

1"

resist on the opposite side of the membrane. The choice of a negative ::
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Figure 13 a)Optical view of wafer after etching the membrane array as ;
viewed from the semi-insulating side of the wafer in incident "

light; b)the same view with predominately transmitted light to n

show the transparency of the membranes. (
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resist that had submicrometer resolution centered on a Novolac resist

(Shipley 2415) that contained an additive with the property that elec-

LA
| T U iy

LTS
\rl:.{‘. & &

tron exposure destroyed the ultraviolet semsitivity of the resist [8].
This resist is capable of making a submicrometer negative image of the

source electrode by exposing it to electrons going through the membrane,

then exposing the resist to UV radiation incident on the semi-insulating

side of the wafer and developing the source image. There is a further

B
=4 v

restriction, however, in the reauirement that one be able to etch away

R
the AlGaAs layer after making the negative source image. Since the ES
o

Novolac resist will not withstand this etch, a layer of cured polyimide :g
is spun on to the membrane before putting on the negative resist. This :3
l~ ]

procedure will give about the same etch resistance as we obtained with :9
N

the membrane etch mask. An alternative procedure here is to remove the Ej
AlGaAs layer before spinning on the polyimide and Novolac resists thus :;
avoiding the requirement ~f hard baking the polyimide. Eg
&

The requirement that electrons must pass through the membrane means &:

that the memvrane with the Novolac resist and the polvimide be removed g
from the sapphire disk without altering its properties. Thus the wafer :i
must be remounted on the sapphire disk with a material whose solute will ii
not affect the Novolac resin. A number of water soluble compounds were ;
found suitable including gelatin and glue. The remounted wafer with mem- SE
branes is coated with polyimide and then with the Novolac resist. It is S
then removed from the sapphire disk, cured and exposed to 30 kV elec- g
.

trons in the EBMF2. This electron exposure is a masked exposure in that

¥ 8 7 o
e

X

. e

the electron exposure is confined to the immediate area of the elec-

~ -

trodes as shown in Fig. 11. Since the electron exposure must be in the

(LI g (e |

S
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range of 10-5C/cm2. exposing the entire wafer leads to very long expo-

sures of hours in length; confining the exposure reduces the time by
about two orders of magnitude. After the electron exposure the wafer is

remounted on the sapphire disk for development of the source image. -

The new UV process developed for fabricating OGST's uses a rela-
tively new photo-imagable polyimide, Probimide 337, which is a negative
working resist with extremely high contrast. After etching the wmem-
branes and removing the AlGaAs stop layer the Probimide may be spun onto
the membranes and the supporting substrate. The source image may now be
exposed after giving the resist a recommended baking cycle while the

membrane is mounted on the sapphire substrate.

For UV irradiation one should use the 436 om line of mercury. The

importance of using this resonance line is that it is close to the El

absorbtion line of GaAs (Lv4,5 to LC6) and in the neighborhood of this
absorbtion resonance the relative diectric constant or GaAs rises to a
maximum value of 25 [9]. The transparency of the membrane, moreover, is
well within the exposure range of the resist. As a consequence of these
properties of the GaAs, the wavelength of the UV radiation inside the
semiconductor is less than 900 X while the gate dimensions that are
being replicated are three to six wavelengths of the radiation. This
utilization of the reduced wavelength of the UV radiation within the
GaAs at a resonant absorbtion in conjunction with a very high contrast
negative working Probimide resist are the key points in understanding
how quarter micron source electrodes can be fabricated in an OGST with

436 nm UV radiation.

48

- 0 - - - - . - - o - wr ‘
AT (A TN AT afim o T Y\ w0 o L O Ny o S R L g N By T W L



AR AN ART AN R L e AR AN AR E M A T A A S T i AR AR AR AR TR TR TR Tl T et el Tt e L e e W L N Nl e e R R BN R AN A e A UL LT
x

:
:
At this stage of the process development a considerable time was %
spent trying to obtain a good photograph of the source image. Optical ﬁ
photographs such as the one shown in Fig. l4 clearly show a resist image a
for gross features such as the gate pad but the fine line of the desired %
LY

source image is barely visible. In transmitted light, as shown in Fig. %
15, a clear image of the gate can be seen, but no details of the source g
image are visible. Several attempts to obtain SEM pictures of the mem- ?
brane showed no datails even when coated with 50 - 100 & of gold or pla- g
tinum. Assuming that charging effects were responsible, the membrane E
was embedded in silver paint and the resulting SEM picture is shown in E

-~
g

A

Fig. l6a. Athough the membrane is covered with a 200 ) sputtered gold

A

film, the edge of the etched membrane, the silver paiat beneath the mem-

brane, and the gate metallization are clearly visible, but no details of

S o )
P L

w v

the patterned resist on top of the membrane are visible. A magnified E
K,

I £

view of this same membrane, Fig. 16b, shows no further details except ",
%

that the gate length is about 1.2 pm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>