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Chemical and Physical Processing of Ion-Implanted
Integrated Circuits

Joseph C. Plunkett

Department of Electrical Engineering, California State University, Fresno, CA 93740

A brief overview of the fundamentals of the chemical and
physical processing of ion-implanted integrated circuits
is presented. Although not intended as a thorough re-
view paper in the field, a modest list of references are
provided to which the reader may refer for more in-depth
discussions of the topics covered. As well as an over-
view of the principles of jon-implantation, profile
shaping as a means of improving device performance is
discussed. Typical applications of ilon-implantation in
silicon and gallium arsenide devices are also covered.
Finally, some basic clean-up processes for laboratory
ion-implantation processing are provided.

Technologies for the chemical and physical processing of integrated
circuits have advanced at a very rapid pace in recent years. The
stringent requirements of improved electrical performance and fur-
ther microminiaturization of integrated circuits have forced ad-
vancement of the state-of-the-art in fabrication technology. With
the evolvement of sub-micron technology and the extension of mono-
lithic integrated circuit technology to the microwave LSI range,
ion implantation is playing an increasingly important role in the
fabrication processes of solid state circuits and devices. Ion
implantation has been the subject of numerous review articles and
bibliographies in recent years (1-20).

The discussions in this paper provide fundamental and overview
material suitable for the new researcher in the field of integrated
circuilt processing, as well as provides the user of ion implantation
with some relevant design information and some recent applications
to some new devices and materials.

In its most fundamental form, ion implantation is a process by
which energetic, charged-particles or impurity atoms can be intro-
duced into a target or substrate material. Often, these particles
which are to be implanted are positive lons (singly or multiply
ionized) which come from a suitable source. After the formation of
the positive ions, they are accelerated by static electric fields,
are focused or formed into a beam, and are passed through a mass
analyzer. The mass analyzer is used to ensure that the beam is pure.
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The beam 1s often further manipulated by slits or quadrupole ana-
lyzers prior to its striking the target. As applied to the doping

of materials, the ion beam must usually be made to form a raster

scan of the target. The ion beam then bombards the target substrate
material by a carefully controlled and quantified process whereupon
most of the fons enter the substrate material. Upon the introduction
of the fons into the target material, the materfal acquires new elec-
trical or chemical properties.

A brief overview of some of the advantages and disadvantages of
ion implantation processes in the doping of golid state semiconductor
materials 1is presented below,

(1) variety of sources~-for most semiconductor applications the
lons which are introduced must be electrically active. This means
that for impurity doping of a substrate material the ions must occupy
substitutional sites in the lattice structure.

(2) Vvariety of substrate material--although virtually any mater-
ial can be implanted, one must choose a material for impurity doping
in solid state semiconductors which can be electrically activated.

(3) Impurity concentration profiles can be shaped to certain
specifications. oOne important aspect of fon implantation into
semiconductors, in contrast to the diffusion process, is that the
number of implanted atoms can be precisely controlled by the exter-
nal system, rather than by the physical parameters of the target
material.

(4) oOrdinary photolithography or mechanical masking is used for
impurity positioning in the substrate.

(5) Ion implantation is a low temperature process which will not
usually disturb earlier fmpurity distributfons which may have been
placed in the material. An anneal cycle must, however, be considered
in order to electrically activate the dopant atoms.

(6) Implantation ig not solubility limited--often however, dur-
ing the process of electrical activation a condition of equilibrium
may be reached and precipitation of the excess Impurities may occur.

than that required for diffusion in certain materials, although
gallium arsenide requires a rather high temperature. In silicon,

Ion Distribution and Penetration

Ion implantation is not an equilibrium process, although in the
Process of electrical activation, equilibrium may be achieved. The
énergetic ions lose their energy to the host lattice often Creat-

ing damage to the bulk material. An annealing process is uged to
remove most of the damage and to electrically activate the ions,

The loss of énergy to the substrate material is brought about by two
Processes. One is by excitation and ionization of electrons. The
other is by elastic collisions with nuclei. The resultsg of violent
collisions may be the displacement of atoms in the host lattice along
the ion path setting up a chain reaction as long as the kinetic

9.
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; he damage to the material

energy 1s available. Although some of ¢
wmnmm:v an amorphous state, annealing can return the lattice to its
crystalline form.

¢ Certain critical alignments of the ion beam can cause channel-
ing or guiding of the ions by the crystal lattice. This can cause
deep anomolous penetration of the substrate if they are critically
aligned along the axes of the target crystal,

# In practice, the target is usually deliberately misaligned with
respect to the major axes of the crystal. This misalignment angle
is typically 7 to 10 degrees off-axis. This quenches the channeling
effect and simulates an amorphous target.

Theoretical Range Determination. The LSS theory (21) is often used
to calculate the theoretical range, R, and total straggle AR. The
straggle represents the statistical fluctuation of the total range.
It is assumed that an amorphous target 1s used and that a Gaussian
distribution is created. Figure 1 illustrates the depth distribu-~
tion of implanted atoms in an amorphous target. 1In the first curve,
the incident ion mass is less than the substrate atomic mass. In
the second curve, the ion mass is greater than the host material
atomic mass. As can be seen, the straggle is greater for the first

case,

For practical solid state device doping, the mean mmnvm:awo:wmn
depth of penetration, R,, and the associated straggle, AR_, are the
important parameters. won critical masking control, however, trans-
ARy, can be important.

<mnmmmwmmwmmwmm:osm.n:m nmmmannm coordinates and nomenclature of 4
this geometry. Theoretical calculations of the projected range an 4
straggle for various dopants and substrates have been nmwncummma an
shown in graphical form (4, 21-26). Some common dopant ions OM
silicon and gallium arsenide are shown in Figures 3, 4, 5, and 6.

Theoretical Impurity Profile Calculations. Using information pro-
vided by the preceding curves, a theoretical as-implanted concen-
tration profile can be calculated in terms of the preceding par-
ameters (from Stone and Plunkett (26) and references therein).

2
S
n(x,y) = 7 = =3 exp| — i
(am?! ARp ARy ﬁ )

G S ﬁ wW«N H_N e

(2) AR,

NIW@
/2 _ w
wa

. 2.
where the coordinates are shown in Figure
n is the ion concentration for s ions/unit surface perpendicular

ion.
to the target surface in the x direct:
° For nwanNH applications, the ARy parameter can be effectively

eliminated by the beam scan which creates an overlap of the implanted

ions over the transverse straggling range. Of course, the lateral
straggling effect cannot be eliminated at the mask edges.
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In the vnwamnw.mnmm of the scan, the profile expression thus
pecomes:
- .2
n(x) = N___ exp R 2 (2)
max 2 >Mv
where N is the peak of the concentration profile occurring
max ]
at the point x = mv"
N 0.4 N
. ]
N = TE = (3)
max = =
(2m) ARp  ORp
Ju is defined as the ion dose in »o:m\oam. Hn.ﬁm related to the
total implanted charge Q in c/em? by
(4)

N_ = /
a G/
where q = charge on the electron.
The total implanted charge, Q, can be experimantally deter-

mined by integrating the beam current impinging on the target during
the implantation time. If the beam current, I, is constant, and for

implant time t:
(1) () (5
A

where A is the target area scanned by the ion beam.

This quantity when combined with the known energy of the acceler-
ated ions, the theoretical values for Rp and ARp can be determined
from the various curves presented. This allows the theoretical
impurity concentration curves to be constructed.

An example 1s used to illustrate the application of the above
theory. Assume that a five inch diameter silicon wafer is uniformly
implanted with 80 keV boron atoms for five minutes with a constant

beam current of ten microamperes. Then
% (1) (6) 6
a q qA

-6 .
10(10 ") (5)(60)
= 1.48 x 10" ions/cm?

N =
g qn ﬁAuVAN.ubv_ 2 f4

For an implantation of 80 keV w+ ions into a silicon target:

Rp = 2450 &

AR, = 6504
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0.4N (0.4)(1.48 x 10') fons/em?
Z = ————— = Ill‘l’.l[l.lll‘ll’ -
max ARp 650 x 1078

% 9.20 x 10!8¢p-3

From this »:no~amn»o:.

the theoretical concentr
can be constructed, g shou

ation profile
1d be noted that

this {ig only a firse
al profile. In order to more ac-

order apptoximation to the actu
curately f{t the typical profi]
asymmetrical, higher spatial mo
are discussed {n much greater d
the references therein. The as

nices a contact
mask 1ig fequired. Typical masks are silicon dioxide Am»ONV. silicon
nitride (S13N,), v:on0nnm»mn. or metal films, The basic require-
ments for a mask include:

A~vx:mnvm compatible with the vrcno_-nrownnv:»n techniques,
(2) Pattern definition should be sharp,
(1)  Should have an excellent stopping power.
(4) Should not contaminate the wafer, and should be easily
removable,
The mintmum thickness required for various materialg to stop

8 prescribed Percentage of the ions can be estimated by the trans-
mission nommm»nnmsn. T, given by amwv"

T=—— erfc

: m
2 A~v~\n>xw

where d {s the magk thickness,

For large arguments,
approximated by

the noavwmsmsnmﬂw error function cap be

T = exp (-a2)/ 2(ra)l/2 where a 1s given by: (8)
d -}
a = P (9)
ANV_\N >m_u

To stop 99.99% of the incident ions, T = 19 4, yielding

a = 2.8. Hence

- _.
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>::nuh»:m for Electrical Activat fon

The basic range statistics wil] provide reasonable predictions of
the unannealed concentration profile, Electrical activation {g
necessary to stabilize and ensure that the {ong occupy owonnnnn:~_w
actlive sites, There are presently several types of anneal used for
ion-{mplanted materials, byt they can be grouped into two broag
categories: 1) Thermal anneal and 2) lager anneal,

Thermal Anneal, Ton-implanted wafers should be annealed at the lou-
est temperature possible {n order not to diffuse the »aw:«mnnom fur-
ther f{ato the wafer, At low implanted doses (10'! . jql> em™?) the
electrical activatfon procesgs can occur at temperatures as low as
260 degrees C in silicon whereas for higher doses (1013 _ 1ol cm~2)
570 degrees C may be required. For higher doses (10!5 cm~2)

higher temperatures around 900 degrees C will be required for elec-
trical activation (26). Most anneals are for 30 minutes in a nop-
oxidizing ambient. lemmnosnm 26 may be consulted for more details
of the thermal anneal.

Laser Anneal. 4 technique for 1gser annealing has received con-
siderable attention in recent years. This technique has several
advantages over thermal annealing, Only the surface layer 1s heated
m:nn»nnm:n_w to anneal a shalloyw layer implant, so the substrate {g
unaffected. The heating ts algo selective, allowing smal} areas to
be annealed without disturbing other regions. Figures 11, 12, and
13 ghow typical exampleg of as-implanted and laser annealed im-
plants (29). The anneals were achieved by using a pulsed ruby laser

with an énergy densfity of 1.65 J/em?, Complete electrical act{y-
ation was achieved,

in_Gallium Arsenide. Call{um arsenide hag ga greater
variety of defect interact{ons than silicon. Also, most gallium
arsenide devices are based on majority carrfer transport. Thig
decreases the importance of the minority carrier lifetime.

As-implanted Gaas has no carrier activation, as a rule. Higher
temperatures are required to anneal GaAg material than silicon,
Usually not a1l carriers are activated éven at 900 degrees C. There-
fore the annealing of Gaag presents greater Problems than silicon.
Moreover, often there is out-diffusion and boundary movement during
anneal, as well ag changes in the doping profile,

Often, GaaAs ig annealed by using a capping layer during the
anneal. The implant ig sometimes made through thig cap. The cap
helps to minimize out-diffusion during the anneal. Silicon nitride
and aluminum oxide are typical capping materials, Temperatures as
high as 1109 degrees C have been used for annealing GaAs,

Advances in Device Fabrication by Ion Implantation

The emergence of ion implantation ag a primary fabrication pProcess
for a wide variety of devices hag occurred at a rapid pace in re-
cent years., The attributes of precise dopant control, low temper-
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Table T. Continued

gilicon Devices

Applications of Ion Implantation

e

Integrated injection
logic (con'd)

diode

P-n

PIN diode

Avalanche photodiode

IMPATT diode

Solar cell

Varactor diode

; Schottky-barrier
diode

CCDs

controlled doping density and depth im-
proves the power-delay product and the
inverse gain of the vertical npn tran-

sistors (42).

Implantation can be used to create very
abrupt profiles and to closely control the
depth and uniformity of the junction (26).

Ion implantation is used to fabricate the
shallow high density pt region (26).

Ion implantation improves yield and signal
to noise ratio. Also provides larger min-
ority carrier lifetimes (26).

Implantation produces reproducible and nar-
row base regions for high frequency op-
eration (26).

By the implantation process, solar cells can
be made in high resistivity p-silicon by
implanting phosphorus to produce shallow nt
or p-layers. More favorable bulk recombin-
ation rates of minority carriers in the
p-silicon causes higher collection ef-

ficiency (43-45).

By ion implantation, the slope of the ca-
pacitance versus applied reverse voltage can
be tallored by implanting phosphorus im-
purity profiles below the Schottky-barrier

(46).

Ion implantation is used to control the bar-
rier height. For the PtSi Schottky-barrier
diode, the aluminum-Si barrier height can be
modified, the peak of which is located in
the immediate vicinity of the metal-Si

interface AwNv.

The asymmetry necessary for directionality
in the transfer of charge can be achieved
by implanting packets of increased doping
concentration near one edge of each metal-
ization line, making the implanted region
more repulsive to minority carriers at the
interface than the unimplanted region.
Creates a high-low junction effect (26).

Continued on next page.
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Table 1.  Conttnued

Silicon Devices

Applications of lon Implantation

Resistors

HVS0S/MOS

Ton implantation produces accurate high
olmic resistors on the order of a megohm
by controlling the implant fluence and the
anneal temperature (26).

Implantation provides compatibility with
CMOS processing and provides low leakage,

good gain, low threshold, and hi h -
good Ammvr y gh break

Compound Semicon-
ductor Devices

Applications of Ion Implantation

GaAs MESFETs

InP MESFETs

GaAs MMICs

GaAs Complimentary
JFETs

InP FETs

GaAs Hall Devices

Ton implantat{ion process creates low noise,
fast devices suitable for microwave or high
speed logic devices, with high gain (48-51).

These devices can be fabricated with even
lower noise and higher gatin than in CaAs
by ifon implantat{on (52).

Monolithic microwave integrated circuits
have been fabricated using fon implantation.
This renders feasible the fabrication of
monolithic phased array radars., These cir-
cuits incorporate active devices, RF cir-
cuitry, and bypass capacitors (53-54).

By ion implantation, a GaAs enhancement mode
JFET has been developed in parallel with the
GaAs Schottky-barrier FET or MESFET. It is
useful in FET logic DCFL). Creates an ultra
low power device with applications to the
static RAM (55).

Ion implantation has been successfully ap-
plied to fabricate FETs on semi-insulating
InP substrate. In FETs with a noise figure
as low as 3.5 dB at 12 GHz have been fab-
ricated (52).

Implantation has been used to fabricate
highly linear GaAs Hall devices. Linearity
error is better than + 0.03% (56).

4.
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The extent of the applications of ion implantation to the fab-
rication of silicon devices prohibits an in-depth treatment of each
application. A more complete discussion of these applications can
be found in review form in Reference 26 and the references therein.
This presentation therefore deals primarily with the fundamentals
of ion implantation and the methodology of applying some of these

fundamentals to advanced device technology.

Field Effect Transistor Applications. Among the advantages of ion
implantation in field effect device fabrication are:

(1) Threshold adjustment for compatibility with TTL logic.

(2) Depletion mode/enhancement mode fabrication.

(3) Improved frequency response.

(4) Low temperature and simple process.

(5) Self-alignment of MOS divices.

(6) Channel stop fabrication.

Ion implantation can be used for gate self-alignment in MOS
devices. Using boron Implantation at about 80 keV, the aluminum
gate or thick oxide will mask the ion beam. But when a thin oxide
(approximately 1200 A) is positioned over the remaining part of the
silicon surface, the beam will penetrate the thin oxide, and be
deposited in the silicon surface at the $Si-Si07 interface, extend-
ing the source and drain to the gate boundary. The gate field
plate has masked the ions from the gate region. After implantation
of about 10!'% fons/cm?, the devices are annealed at about 400 to
500 degrees C for about 30 minutes. Figure 14 shows a MOSFET device
requiring two implantations, the n-implantation forms a self-aligned
source and drain region. The p-implantation permits a short chan-
nel length with the high resistivity substrate material required to
reduce capacitances.

Use of this self-alignment process provides the advantages of
essentially no overlap capacitance, and improves tie speed by a
factor of 30 to 40%.

Ion implantation through an oxlde can also be used to increase
the threshold voltage outside the channel region (27). Figure 15
illustrates how a channel stopper of this type can be fabricated
by a single unmasked high energy implant. To complete this step,

a 200-300 keV boron implant is used if the device is an n-channel
MOSFET. Since this implantation penetrates deeply under the thin
gate oxide, it does not affect the threshold voltage. However,
the regions of thick oxide receive a shallow implant in the p~type
field regions. It therefore increases the threshold voltage
necessary to create parasitic action.

Ion implantation when used for channel doping has the follow-
ing advantages:

(1) The threshold voltage can be adjusted to accommodate direct
interfacing with TTL circuitry.

(2) A high ratio of field threshold-to-device threshold is

obtained.
(3) Depletion mode load/enhancement mode driver circuitry are

achieved on one chip.

This results in higher circuit density, improvement in the
speed/power product, and the device can operate from a single 5 volt
supply. In this process, ion implantation is used to dope the
MOSFET channel with boron at an energy of about 50 wm<. The range
of these lons are such that they penetrate the 1200 A gate oxide
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and stop in the silicon surface region. Because of ion straggling
in the range, a layer of approximately 0.2 micrometers is obtained
at the silicon surface. The device is then annealed. A PMOS ex-
ample is presented below:

If 6 x-10'6 cm™3 boron atoms are implanted in the gate region
of the p-channel MOSFET fabricated on <111> oriented n-type material

with Ny = 10'5 cm™3, the compensated results ylelds:
P=Np-Np=6x 1016 -1 x 10!5 = 5.9 x 1016 cp3

The channel will be p-type. 1If the channel is assumed to be uni-
formly implanted to a depth of 0.2 micrometer, then only 1.18 x 10!2
boron atoms/cm? are implanted. For approximately 1012/cm? boron
atoms implanted, and if a beam density of 10°2 microamperes/cm? of
singly charged boron ions is used, then:

(beam current density)

Implanted atoms/cm? = 3 x time
1078 A/cm?

10'2/em?2 = ——— x t
1.6 x 10719¢

Solving for t: t = 22 seconds.

The implantation time required to provide the dose indicated is
then 22 seconds.

In CMOS (complementary metal-oxide-semiconductor) technology,
the p-channel is fabricated by ion implantation. Using this tech-
nique, 5% control in the doping is possible and the threshold con-
trol is improved.

The ISOMNOSFET has two features which are not in the conven-
tional MNOSFET. It has a stepped oxide in the channel region, and
an ion implanted region adjacent to the channel. By using a
stepped oxlde with two oxide thicknesses in the channel, two con-
stant threshold thick-oxide FETs in series with the thin oxide var-
iable threshold device ensures that the composite device maintains
operation in the enhancement mode in both the high and low threshold
states.

Ion implantation is used in the fabrication of low-barrier
PtSi Schottky-barrier diodes. An ion-implanted, shallow nt layer
has been used by Bindell et. al. (57) to lower the barrier height
of PtSi-n-Si Schottky diodes. Barrier height reductions of up to
200 mV have been achieved. This implant increases the electric
field at the surface, thus lowering the effective barrier height
through an enhanced Schottky lowering effect (57).

Ion implantation has also been used to increase the barrier
height of metal-semiconductor Schottky-barrier diodes (46). This
is accomplished by implanting low energy ions of opposite conduc-
tivity type into the semiconductor surface. The implanted ifons
change the field and potential in the surface region and reduce
the diode current. Figure 16 shows the variation of current density
versus forward voltage for various values of ilon implantation
dose (58).
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In the fabrication of hyperabrupt diodes such as varactors,
the flexibility in doping profiles that can be produced by ion
implantation allows a wide range of capacitance-voltage character-
istics to be designed.

Figure 17 shows the impurity profile of a hyperabrupt Schottky
diode. In varactor diodes, ion implantation can be used to tailor
the slone of the capacitance versus applied reverse voltage by im-
planting phosphorus impurity profiles below the Schottky barrier.

Bipolar Transistors and Integrated Injection Logic. The dosage con-
trol and profile shaping attributes of ion implantation make it ideal
for the fabrication of high frequency, high gain, low noise tran-
sistors. Archer (39) in his work separately implanted the inactive
and active base regions in 8 GHz transistors. The excellent results
were attributable to the close dose control of the active base
Gummel number (26). Stone and Plunkett (26) have also found that
this technique significantly improves the inverse gain of bipolar
transistors when properly carried out. Arsenic emitters are also
preferred for low loise and abrupt profiles, thus improving emitter
efficiency. Other researchers have used ion implantation in the
fabrication of super-gain transistors and high performance tran-
sistors with arsenic implanted polysil emitters (40).

Ion implantation is well suited for the design of bipolar
structures used in injection logic. Among the attributes of ion
implantation for these are 1) ability to fabricate shallow devices
thus improving the speed and gain and tailoring the impurity con-
centration profiles. Separate implantations for the inactive and
the active base layers are usually desirable.

It should be remembered that in integrated injection logic,
the vertical npn transistor must be operated in the inverse mode.
Figure 18 shows the top view of an I2L unit cell, and Figure 19
shows the cross sectional view. The impurity concentration profile
of a typical ntpnnt transistor is shown in Figure 20. Figure 21
shows superimposed on the initial profile, an LEC profile which
has been modified to provide an ailding field in the intrinsic base
region, plus a low doped region for the inverted collector. This
reshaping of the impurity profile has been found to improve the
inverse gain and switching speed of the integrated injection logic
unit cell (41).

) For the most part, one may assume that in the inverse mode the
opposite to those forward-mode attributes is true. A larger portion
of the field is retarding than alding, and the overall effect is
retarding. This increases the base transit time of the inverse
transistor, thus lowering the fr and switching speed.

It is obvious therefore that if the base profile could be re-
shaped or tailored to some optimum shape, the switching speed of the
transistor would be improved. Several researchers have studied im-
proved shapes of the base profile in search of an optimum. It
turns out that optimum shapes for some attributes of the transistor
do not optimize others. Among the shapes that have been studied
are 1) Gaussian, 2) Complementary error function, 3) Exponential,
4) Parabolic, and 5) Segmented.

The exponential distribution has been shown to be the best of
the group for minimum transit time (41). The segmented profile,
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having small widths of retarding field followed by a large region of
alding fileld yields a larger figure of merit for switching tran-
sistors (41). The figure of merit used by Maheshwari and Ramanan

is (59):

(11)

where ty is the base transit time, ry is the base spreading

resistance, and C. 1s the base-to-collector capacitance.
They found that a profile which has a retarding field over a por-
tion of the base and an aiding field over the other improves the
figure of merit compared with the exponential distribution. Ion
implantation could be used to shape this profile. By using ion
implantation, the base Gummel number can be precisely controlled
since the use of current integration for the dose measurement
allows the base impurities to literally be counted. Further dis-
cussion of the device parameter optimization by ion implantation
is treated by Stone and Plunkett in Reference 26.

Experimental measurement of the doping profiles for ion im-
plantation can be performed by anodization and stripping for high
accuracy as given in Reference 41. Figure 22 shows the set-up.

One excellent chemical for the anodization solution is a mixture

of tetrahydrofurfuryl alcohol (THF) and potassium nitrite (KNOj).
The proper mixture is 2.8 g of KNOp per 100 ml of THF. The sol-
ution should be irradiated during the process with a tungsten-hal -~
ogen lamp to accelerate the anodization process. A typical constant
current used 1s about 10-15 mA/cm?, The oxide thickness is propor-
tional to the mH:mw forming voltage, and for the conditions des-
cribed is about 4 A/volt (41). Figure 23 shows a typical measured
and plotted profile. An algorithm for processing the data is glven
in Reference 41.

Ion Implanted Resistors. If a substrate is doped with a layer of
impurities opposite to that of the background doping, the resistivity

is given by the total number, Ng, of the mobile carriers/cm? and the
mobility:

R = — (12)

Ton implantation can provide accurate control over Ng and reduce
the mobility (26).

Advances in Compound Semiconductor Ion-implanted Devices

Many of the device technologies which are common in silicon,

such as MOS technology, have yet to be developed in the compound
semiconductors. Researchers are presently pursuing these areas.

A varlety of problems are presented in the development of some of
these technologies. Heavy doping necessary for certain areas of the
devices is difficult to achieve by simple processes in gallium ar-
senide. In spite of these shortcomings, there are several areas in
which ion implantation has already been successfully used. With
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increasing necds for development {n these areas of Clgabit logic

and microwave power devices, compound semiconductors such as gal-
lium arsenide are excellent candidates. Galltum arsentde shows
significant promise because of {ts higher mobility and other at-
tributes. A brief discussion of several applications of {on im-
plantat{on in gallium arsenide devices are outlined here. Golio
Awmv et. al. have studied the potential of a number of compound
semiconductors for low nolse microwave MESFET applications. The
industry 1s making continuous advances in the development of CaAs
ficld-effect transistors for wmicrowave applications. These de-
vices have been shown to exhibit excellent noise performance through
the K-band. Moreover, as the requirements for VLS1 memory and logic
become more stringent, and greater demands are placed upon the at-
tributes of speed and low power consumption, MESFETs look more and
more attractive. Colio's study included models of GaAs, InP, GalnAs,
InPAs, and other devices. Comparison of a nmo.w~=o.w>wo.oomv 0.04
device to a conventional gallium arsenide device indicated that a
decrease in the minimum noise figure by a factor of two is possible.
Some of the other compound semiconductor devices also showed im-
provement in the noise figure.

Sleger et al. (52) have reported the development of f{on-im-
planted one micron gate length InPFETs with noise figures as low as
3.5 dB at 12 GHz. When compared with sim{lar CaAs devices, super-
for gains at microwave frequencies over that of CaAs was demon-
strated. Further improvement in profile optimization of the im-
planted area appears feasible as a means of (urther reduction in
the noise figure.

The development of monolithic microwave amplifiers formed by
ion implantation into LEC gallium substrates have been reported by
Driver et al. (54). These monolithic power {ntegrated circuits on
semi-insulating gallium arsenide are expected to provide improved
bandwidth over hybrid microwave circuits because of improved match-
ing environments and the reduction of parasitic inductances due to
wire bonds. As this technology is evolved, it is entirely feasible
that phased array radars could be fabricated with these monolithic
chips. Driver has built one and two stage monolithic GaAs power
amplifiers operating from 5 to 10 GHz using standard photolitho-
graphic masking with the addition of a chlorobenzene process to
help the metal liftoff. Powers of 28 dBm across a bandwidth of
5.7 to 11 GHz with 6 dB gain have been achieved. Gupta et al. (51)
have also reported process improvements in MESFET GaAs monolithic
microwave circuits. Gupta (52) in a later paper has detailed an
ion-implantation fabrication process for fabricating GaAs mono-
lithic microwave integtated circuits (MMICs), incorporating active
devices, RF circuitry, and bypass capacitors.

Feng et al. (49) have reported the fabrication of GaAs MESFETs
by ion implantation into MOCVD (metal organic chemical vapor de~
position) buffer layers. Recently, metal organic chemical vapor
deposition has been used for the fabrication of the channel layers
in GaAs FETs (49). Feng reports a reporducible process using ion-
implanted MOCVD buffer layers for low noise MESFETs. The buffer
layers were grown by the MOCVD technique on <100> Cr-doped semi-
insulating GaAs substrates. After degreasing, the substrates were
etched in HCL for one minute and in a solution of 5:1:1 Hy504:

g,
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Hp0y: Hy0 at 40 degrees C for two minutes; then they were rinsed in
deionized water for 20 minutes. After blowing dry in dry N, and
loaded into the MOCVD chamber, the growth was done at a temperature
of 650 degrees C at atmospheric pressure. The buffer layer is
approximately 2 microns thick with net carrier concentration of

3 x 10'%m™3 and a mobility of 6500 cm?/V-sec.

The channel layer was formed by direct ion implantation with
a S1 ion dose of 6.5 x 1012cm™2 at 100 kev. Annealing at 850 deg-
rees C in Hy-As, was performed. Results of the best device showed
a noise figure of 1.46 dB with a gain of 10.2 dB at 12 GHz. The
results indicate that a high degree of microwave unifornity can
be achieved by ion implantation into MOCVD buffer layers.

Zuleeg et al. (55) have reported the fabrication of a double-
implanted GaAs complementary JFET. The GaAs enhancement mode JFET
was developed in parallel with the GaAs Schottky-barrier FET or
MESFET. It 1s useful for direct coupled FET logic (DCFL). Reduc-
tion in the required power level by an order of magnitude (from
about 100 microwatt/gate) is possible by using complementary n-chan-
nel and p-channel enhancement mode JFETs. Zuleeg has reported a
double-implantation of n~channel and p-channel enhancement GaAs FET
and 1ts application to an ultra-low power static RAM. The reader
1s referred to Zuleeg's paper for the process steps.

Heterojunction bipolar transistors (HBTs) are currently re-
celving Increased attention by researchers for high speed appli-
cations. To meet these requirements, transistors must be fabri-
cated with smaller emitter widths and better contacts to the p-type
base region. Ion implantation is presently being used to accomplish
these requirements. The high temperature annealing required pre-
sents a problem, however. Asbeck et al. (61) have reported a ther-
mal annealing (pulsed) technique for annealing the ion implanted
devices. Application of the technique was made to the fabrication
of Be-implanted MBE (molecular beam epitaxy) grown GaAlAs/GaAs
heterojunction bipolar transistors. The thermal annealing was
shown to compare well with the furnace annealing (non-pulsed) with-
out the occurrence of impurity diffusion.

Systems for Ion Implantation

Most of the ion implantation systems have the same basic elements,
only differing in the details and perhaps level of automation. A
schematic diagram of a typical ion implantation system is shown in
Figure 24.

For the purpose of this discussion it will be assumed that the
Nielson source is used. It consists of a cylindrical arrangement
of a tungsten helical cathode , a cylindrical anode of graphite and
a magnet coil. Solid materials can be vaporized in an oven with
two types of crucibles where temperatures ranging from 170 to 900
degrees C can be covered. The lifetime of a source 1s about 30
hours. Typical source materials are BFj, phosphorus (PF3), and
AsFq,

Typical ion sources work on the basic principle that a con-
fined electric discharge or arc is partially or completely sus-
tained by the gas or vapor of the material that is being ionized.
The hot cathode source consists of a hot emitting electrons (usually
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a filament) and an anode. The presence of a small amount of gas
whose ionization potential is less than the potential between the
electrodes will cause the primary electrons to produce positive ions.
A diagram of a Nielson source is shown in Figure 25. For further
discussion of ion sources the reader 1s directed to Reference 62,

The beam 1is then focused, pre-accelerated, and passed n:nMMw:

a mass analysis stage. After fucusing, the beam is accelerated to
its final energy by a linear accelerator. The beam is again fo-
cused by a doublet quadrupole before entering the x-y scanning sys-

tem,

Electrostatic scanning in the x and y directions 1s provided.

A trap is provided for uncharged, neutral species while the se-
lected ions are deflected to the target. A vacuum of below 10-6
Torr is necessary for the system.

A typical target chamber is shown in Figure 26. The chamber

can be a carousel type which rotates to a series of wafers for
implantation,

Appendix

Chemical Processing for fon-implanted Integrated Circuits

Detafled cleaning and processing steps are often not published

by the industry. For university researchers and students, however,
this often becomes a problem. Often they are forced to consume an
inordinate amount of time developing a routine process for cleaning
and basic processing. The author faced such a delimma a few years
ago while a doctoral student, and in order to ease the burden of
Some poor graduate student, the following procedure has been found
‘acceptable by the author for certain photolithographic operations.
It is hoped that this may save some time for the student if he

does not have a workable procedure.

Initial Wafer Cleanup. The following procedure should be done in

a class 100 clean room:

1.

nweownN

H oW~

=

10% HF in DI water solution at 25 deg. C for 6 min.
Cascade rinse in DT water for 6 min.
Tetrachlorethylene at 80 deg. C for 6 min.

Cascade rinse in DI water for 6 min,

Ammonium Hydroxide mixture at 80 deg. C for 6 min.
Cascade rinse in DI water at 25 deg. C for 15 min.
HCL mixture at 25 deg. C for 6 min.

Cascade rinse in DI water at 25 deg. C for 15 min.
Blow dry with dry nitrogen.

Bake in process clean oven at 135 deg. C for 10 min.
The wafer should be used within 20 minutes after the cleanup.

Predeposition Cleanup. The following procedure should be done 1in

a class 100 clean room:

1,
2.
3.

Agitate in Nitric acid at 90 deg. C for 6 min.

Cascade rinse in DI water for 10 min.

Slowly agitate in 10% HF for about 5 sec. depending on doping
level of prior steps.

Rinse immediately in DI water for 15 min.

Cascade rinse in DI water for 15 min.

Blow dry with dry nitrogen.
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7. Bake at 135 deg. C for 10 min.

Oxide Removal. The following procedure should be done in a class
100 clean room:
1. Usc Bell 2 etchant (there is less undercutting than with HF).
2. The etch rate is approximately 750 Angstroms/min. in low
doped oxides.
3. Solution preparation:
a. 200 ml DI water
b. 200 g. NH4F (filtered Ammonium Flouride)
c. 45 ml HF (49%)

Aluminum Etching Procedure. The following procedure should be
done in a class 100 clean room:
1. Etch at room temperature. The following mixture 1s satisfac-
tory:
a. 75% H3POy
b. 227 Acetic acid
c. 3% Nitric acid
2. Agitate constantly and observe wafer to see when the slice
is clear. Etch rate is approximately 1 micron per 30 minutes.

Formulas for Mixtures Used in Initial Wafer Cleanup.

1. Ammonium Hydroxide mixture: Mix 5 parts DI water, one part
NH4OH; heat to 80 deg. C; then add 1 part Hz0, (30% unstabilized)
This is added just before using and heated back to 80 deg. C.

2. HCL Mixture: Mix 6 parts DI water, 1 part HCL; heat to 80
deg. C; add 1 part Hy0,.
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