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FOREWORD

This is the Final Report on Contract NAS 1-10503. The
work reported herein was accomplished by Hughes Research
Laboratories, 3011 Malibu Canyon Road, Malibu, California
90265. This report covers the period of 22 December 1970
through 22 December 1971. Ten previous monthly technical
letter reports concerning Development of Ion Implanted GaAs
Transistors are dated 15 February 1971 through 15 November
1971. The NASA-Langley program monitor for this contract
was Dr. J. Robertson. The principal'investigators on this
contract were R. Hunsperger and R. Baron. Technical assis-
tance was provided by D.M. Jamba, J.K. Neeland, D. Loper,
R.G. Wilson, and E. Wolf. 0.J. Marsh, Assistant Manager of
the Chemical Physics Department, provided technical super-

vision for the project.



ABSTRACT

The goal of this program was to develop techniques for
creating bipolar microwave transistors in GaAs by idn—
implantation doping and to investigate the characteristics
of these devices. Early in the contract period we measured
the electrical properties of doped layérs produced by the
implantation of the light ions Be, Mg, and S, which are
suitable for forming the relatively deep base-collector junc-
tion at conveniently Iow ion energies. We also determined
the electrical characteristics of ion implanted diodes of
both the mesa and planar type. This work led to the fabrica-
tion of n-p-n planar transistor structures by implantation
of Mg to form the base regions and Si to form the emitters.
These devices were found to have reasonably good base-
collector and emitter-base junctions but the current gain
B was immesurably small. The low B was attributable to
radiative recombination in the base region, which was

excessively wide.
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SECTION I

INTRODUCTION AND SUMMARY

The goal of this program was to develop tebhniques for
creating bipolar microwave transistors in GaAs by ion implan-
tation doping and to investigate the operating characteristics
of these devices. _ ' |

There are basically three important problems involved in
the fabrication of ion implanted bipolar microwave transistors
in GaAs. First, one must be able to create the step-like
carrier concentration profile with a very thin base layer
(shown in Fig. 1) that is required for theoretically optimum

design.l Second, the required concentrations (NE, N N ) of

’
electrically active dopant atoms must be obtained, aid flnally,
ion implantation-caused lattice damage must be removed by
suitable annealing procedures to produce high mobility,
trap-free materiél. Substantial prdgress has been made toward
the solution of all three of these problems during the year's
work on this contract. .
Since no dopant had been adequately tested experimentally
that could be used to fabricate the required seveéeral tenths
micron deep base-collector junctions at conveniently low ion
energies, work performed during the early months of the con-
tract period was directed toward testing light dopants with
relatively large penetration depths.* Hall measurements were
made of the electrical properties of p—type layers produced by
1mplantatlon of either Be or Mg and also those of n-type

layers created by S implantation.

Some of the results of this work were published in the
paper "Mg and Be Ion Implanted GaAs," by R.G. Hunsperger,
R.G. Wilson, and D.M. Jamba, Journal of Applied Physics,
43, 1318 (1972) included as Appendix B of this report.

—

—
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The carrier concentration profiles and resulting junc-
tion depths in Be or Mg implanted samples were investigated.
A number ofbdifferent measurement techniques were utilized,
including angle sectioning and etch staining, scanning elec-
tron microscope measurements, argén ion beam sputtering for
~layer removal, and capacitance—voltage measurements. Ali
four techniques were successful in part, but adequate deter-
mination of the'concentratibn'profiles.for the dopants of
interest over a broad range of implantation and anneal condi-
tions could not be completed during the contract period. 1In
general, the results obtained thus far have shown the depth
of penetration of Mg, Be, or S ions to be greater than or
equal to the depth predicted by the Lindhard-Scharff-Schiott
theory, and in some cases to be dependent on the anneal
temperature. Much work is needed to understand (and ultimately
control) the concentration profiles of implanted ions in
GaAs. ' ' |
' 2



One of the major objectives leading to transistor fabri-
cation is to determine the-electrical properties of junction
diodes produced in GaAs by ion implantation.v Thus, as part of
the work under this contract, we examined the dc voltage-
current characteristics of both planar and mesa diodes formed
by Cd ion implantation. The planar diodes were superior to
the mesa devices in terms of leakage current, which led us
to design and fabricate a rudimentary ion implanted transistor
structure using planar technology.

The transistor structures were fabricated by implanting
n-type substrates with 45 keV Mg ions to form the base regions
and subsequently implanting them with 20 keV Si ions to form
the emitters. After the devices were suitably annealed and
electrical contacts were provided, they were found to have
good emitter-base and base-collector junctions, with breakdown
voltages of 15 and 25 V, respectively. However, the devices
had no measurable gain; B was =0, apparently, because the base
width far exceeded the calculated value of 500 R. Observa-
tion of the devices under test with an infrared image converter
showed strong luminescence in the base region.

During the course'of the work, technological problems were
encountered, such as making good low resistance ohmic contacts
to thin ion implantéd n-type layers and forminé protective
thin film coatings that would withstand annealing cycies and
other processing steps. Technigues were found to solve, or
at least greatly mitigate, these problems.

‘ Fabrication of these rudimentary devices has served to
point out technological problems, such as oxide lifting dur-
ing annealing and the difficulty of making low resistance
ohmic contacts to thin, ion implanted, n-type layers. It
has also demonstrated the need for implanted ion concentra-
tion profile data, which are‘presently unavailable. However,

the fact that n-p-n transistor structures have been made,



despite these yet unsolved problems, gives strong support
to the idea that ion implanted bipolar GaAs transistors are
indeed feasible. 1In addition, the work has established the

following important facts.

It is possible to fabricate an n-p-n struc-
ture in GaAs by "double" implantation of
both n- and p-type dopant atoms, followed
by annealing. _ A

During annealing, sufficient radiation damage
can be removed to produce "back-to-back"
diodes with relatively low reverse leakage -
current. ' '

The observation of strong luminescence

when the emitter-base junction was forward
biased indicated that minority carrier life-
time in the base region was at least as

long as the lifetime for radiative recom-
bination. Since this radiative lifetime

puts a fundamental upper limit on diffusion
length in GaAs, one can conclude that minori-
ty carrier lifetime (or diffusion length)

in a properly annealed-ion implanted transistor
is not limited by residual radiation damage.



SECTION I

DOPANT STUDIES

Work done prior to the beginning of this contract (on
the related contract NAS-12-124) demonstrated that shallow
p~type layers of relatively high carrier concentration and
mobility, suitable for emitter junction fabricatioh, could
be formed in GaAs by Zn or Cd ion implantation. It was also
known that similar n-type layers could be formed by implanta-
tion ofvTe,2 Se,3 Si,4 and Sn.5 However, no dopant héd'been
adequately tested experimentally that could be used to fabri-
cate the required several tenths micron deep base-collector
junctions at conveniently low ion energies (say, below
100 keV). Thus, work performed during the early months of
this contract period was directed toward testing light
dopants with relatively large penetration depths, particularly

the p-type dopants Mg and Be and the n-type dopant S.
A, SULFUR IMPLANTATION

Since much information about S implanted GaAs was already
available,‘r’6 we performed only one additional experiment to
determine if outdiffusion of sulfur was significant during
implantation at room temperature. (We had observed outdiffu-
sion of sulfur implanted at 400°C without an oxide coating and
in samples imﬁlanted at room temperature but heated to 400°C
during deposition of an oxide coating.)

Sampieélwere prepared by implantation of 100 keV sulfur
ions into p-type substrates at room temperature. Prior to
implantation, the samples were coated with a 700 & thick

layer of sputtered SiO to limit possible outdiffusion of the

2



sulfur and also to minimize ion dhanneling. Following implan-
tation these samples were annealed at 800°C,_and Hall measure-
ments of the electrical properties were made using the

van der Pauw technique.7 The carrier concentratidns and
mobilities for these samples, shown in Table I, are about

the same as have been observed previously for identically

implanted samples without the SiO coating.6 Thus, outdiffu-

sion of the dopant sulfur does noi appear to be a problem at
room temperature. The conclusion we reach is that it is not
necessary to implant sulfur through an oxide at room tempera-
ture to prevent outdiffusion, but that a protective oxide
layer should be deposited (at room temperature) before the
sample is annealed. |

The junction depths in these samples were measured by
the angle section and stain technique after they had been
annealed for 15 min at 8OC°C. The depth in samples implanted
with 5 x 1014 ions/cm2 was 0.24 um while it was equal to

15 ions/cmz. Thus,

0.3 um in samples implanted with 1.1 x 10
as expected, sulfur implantation does yield deeper junctions
than cadmium (of the same or lesser energy); much of the
greater depth appears to be Caused‘by diffusion of the
implanted sulfur ions during implantation and/or annealihg.
(The Lindhard—Scharff—Sdhi¢tt8 predicted penetration_depth
for 100 kev s' in GaAs is only =700 R.) The carrier concen-
tration, mobilities, and junction depths shown in Table I
indicate that it is reasonable to use such implantations to

form the base regions of p-n-p transistors.
B. MAGNESIUM IMPLANTATION

Magnesium implanted layers were investigated because
we anticipated that such doping would be very useful in

forming the base regions of n-p-n transistors, since Mg

6



penetrates relatively deeply because of its small éass;
the profile should be easily controllable because the critical
angle for channeling is very small. ' B

A hot cathode, electron-bombardment ion source was used
. to produce the Mg ions, as described in Appendix A.

The GaAs substrates used in these experiments were <111>
oriented waférs (£3°), with the B-face chemically polishéd
prior to implantation. The wafers were intentionally mis-
~aligned 8° with the ion beam during implantation to minimize
ion channeling. Implantation was performed with the sub-
strates at room témperature, and the samples were subsequently

coated with a 2000 & thick sputtered layer of SiO. prior

to annealing at higher temperatures in a flowing §2 atmos-
phere to prevent outdiffusion of the dopant and dissociation
- of the GaaAs.

The carrier concentration per cm2 Ng and the effective
mobility u in the p-type layers produced by ion implantation

and annealing were measured using the van der Pauw-Hall _
'technique.7 The substfates used were n-type, with n = 1 x 1016/
cm3, so that the p-n junction between the implanted layer
and the substrate would provide electrical isolation during

measurement.

TABLE 1

Carrier Concentration and Mobilities for GaAs Samp]es
Imp]anted with 100 keV Sulfur Ions

Carrier sy s Sheet .
Samples . Mobjility um, R Junction
C tratjo Resistivity,

(100 keV S -+ GaAs) 0n§:? cm'} " cmé/V sec o Q/o0 y ?epth, um
Dose = 5 x 1014 6.6 x 102 1720 550 0.24
ions/cmé implanted
through 700 A Sio0
.sample annealed far
15 min at 800°C.

Dose = J.1 x 101° 5.9 x 10'2 1960 538 0.30

ions/cm¢ implanted

through 700 A Si0;

sample annealed fgr

15 min at 800°C. .
7337



One group of samples was prepared by lmplantlng 45 keVv
Mg+ ions in doses ranging from 5 x 10 /cm2 to 1 x lO /cm2.
They were then annealed at temperatures in the range 100° to

900°C. No p-type layer was observed in samples annealed at
< 500°C, but they did form in samples annealed at 2 600°C.
The results of Hall measurements made on those samples are

shown in Figs. 2 through(4.' Note that‘for samples with.

ion dose <1 x 1014/cm-, 100% electrical activity was observed

after annealing at 800°C. The surface carrier concentration

(after 800°C anneal) saturated in the range of 1 to 2 x 1014/cm

l4/cm2,‘while annealing at 850°

2

for samples with ion dose >10
and 900°C, produeed a decrease in carrier concentration in
these samples from that obtained after 800°C anneal. This
decrease may be due to outdiffusion of the Mg or possibly
may result from self-compensation. The maximum carrier con-
centration/cm2 that was observed corresponds roughly to a
peak concentration in the implanted layer of 2 x lO /cm3,
which has been reported also by Kressel and Hawrylo9 te be
the maximum concentration they observed in epitaxially grown
(950°C) layers. The peak concentration/cm3 in the implanted
layer is not known exactly, because the concentration versus
depth profile was not determined. 'The thickness of the
p-type layer in samples annealed at 800 to 900°C was approx1—
mately 0.4 um, as determined by thin layer stripping (uSLng

2 keV Ar ion sputtering) coupled with Hall measurements. The
layer thickness predicted by the Lindhard—Scharff—Schi¢tt8
(LSS) range-energy theory is ~0.12 um. Thus it is apparent
that some ion channeling or diffusion did occur, and it
cannot be assumed that the implanted and annealed layer has
the gaussian shape predicted by the LSS theory.



4 ‘ HRL 837 -IR|
| | ! |

TTTTT]
Ll

!
i

I
1

(&

T T T T7T]

IMPLANT CONDITIONS

45keV Mg-—+»GaAs
ROOM TEMPERATURE
(15 min. ANNEAL PERIOD) -

s

Lattl

|

ION DOSE

I

olxlO /cm2

CARRIER CONCENTRATION, cm @

43x10%/ cm?
- 14

¢!x10 / em?

I5x|0|3/ cm2

T 17T
L

| | | ]
600 700 800 900
ANNEAL TEMPERATURE, °C

Fig. 2. Surface Carrier Concentrat1on in Mg Implanted Layers
in GaAs.



MOBILITY, cm% Vesec

HRL537 - 2R|

LB

BB

L

T l _ T

IMPLANT CONDITIONS -

45 keV Mg—>GaAs - m
'ROOM TEMPERATURE
- (15min. ANNEAL PERIOD)

ION DOSE -
®1x 10 cm? |
A3x|0“bcn$ : : ' , =1

¢ 1x10%cem?
@5x10'Y em?

| L L

600

Fig. 3.

700 ~ 800 - 900
ANNEAL TEMPERATURE, °C |

"Mobility in Mg Implanted Layers in GaAs.

10



IMPLANT CONDITIONS

— 45 keV Mg—»GaAs -
ROOM TEMPERATURE

- | (15 min ANNEAL PERIOD) -
ION DOSE
- ® | x10'%/cm? ]
A3x10'%em? -
¢! x10'%em?
oot © W5x10'%cm? —
Q10 [ B
q | —
> — 7
=
= [ _
= L -
o
[%)]
a | ]
Q-
[
v ]
" :
&
10> ]

1 ] 1 ]
600 700 _ 800 900
ANNEAL TEMPERATURE, °C

Fig. 4. Sheet Resistivity of Mg Implanted Layers
in GaAs.

11



The fact that carrier mobility was ~100 cm2/V sec even
in samples annealed at only 600°C-(see Fig. 3) suggests that
. lattice disorder produced by Mg implantation anneals at a
lower temperature than that produced by the same dose of Cd
or Zn ions. Cd or Zn implanted layefs must be annealed at
2800°C before mobility recovers to values 100 cm2/V sec that
are comparable to mobilities observed in bulk GaAs single
crystals of equivalent doping concentrations.

From the data of Fig. 4, it can be seen that the sheet
resistivity of these Mg implanted samples decreased with
increasing anneal temperature in the range 600 to 800°C but
remained relatively constant for further increase in
temperature above 800°C, or in some cases even increased as

a result of decreased carrier concentration.
C. BERYLLIUM IMPLANTATION

The electrical properties of p-type iayers produced by
room temperature implantation of 40 keV Be ions were also
investigated. The substrate material and the implantation
and anneal conditions were the same as those used for Mg
implantation, as described in the preceding section. The
required Be ions were generated by placing BeCl2 in the
axial probe of the electron-bombardment source. (Refer to
Appendix A for a detailed discussion of the Be ion generation
method.) _ |

' The surface carrier concentrations of p-type layers pro-
duced by room temperature implantation of 40 keV beryllium
ions are shown in Fig. 5. As in the case of Mg, no p-type
layer was observed until the samples were annealed. The
anneal temperature required to produce a p-n junction depended

on the ion dose and varied frem 400°C for a sample implanted

12
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with 1 x 1015 ions/cm2 to 750°C for one with ion dose
1 x 1013/cm2.
1015/cm2

because of the rectifying current-voltage characteristic of

1 x
at 400°C for 15 min, a p-type layer was observable

[l

After annealing a sample with ion dose

the junction formed at the interface with the n-type substrate.
Howeyer, the resistivity of the layer was so high (pS =1.1 x
lO6 /0) that no Hall measurement of carrier concentration

or mobility could be made. - Annealiﬁg at temperatures of 450°C
and highér produced lower resistivity p-type layers for which
Hali measurements could be made. The data are plotted in

Fig. 5, along with data for samples implanted with lower ion
dose. The maximum carrier céncentration reached was only

about 20% of the total of 1 x 1015 ions/cm2 that were implanted,
as compared to the >80% electrical activity observed in the

14Be+/cm2.' Also, it

case of samples implanted with 3 x 10
is interesting to note that carrier concentration increased
more slowly with anneal temperatures for the samples implanted
with 1 x lOlSBe+/cm2 than for those implanted with 3 x 1014/
cm2, even though mobility recoveredvtO-values V100 cm2/V sec
after annealing at temperatures as low as 450°C. A possible
explanation is that Be atoms, remaining in interstitial sites
or in defect complexes after saturation of substitutional Be

is reached at a given temperature, may act as compensating
centers. The fact that mobility was greater than 100 cm2/V

sec as shown in Fig. 6, then implies that many of the implanted
atoms form electrically neutral centers, because ionized
impurity scattering would cause a significantly lower mobility
if all of the implanted atoms were charged. An alternate
explanation is that we were observing the effects of differ-
ences in the implanted ion concentration profile with depth

in samples implanted with different ion doses. A concentration
of 2 x lOl4 2

a shallow depth would cause a lower measured average mobility

/cm” electrically active atoms distributed over

14
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than would be caused by the same concentration per cm2 spread
over greater depth, because the contribution from regions of

lower concentration per cm3 would be greater in the latter

' case. Measurement of the implanted ion concentration profile
is necessary to establish which explanation is correct.

In the case of samples implanted withlzl X 1014 ions/cmz,
maximum electrical activity (>80% of the implanted ions
electrically active) was observed after annealing at only
600°C. This temperature is considerably lower than 800°C,
which has been found to be the temperature required to pro-
duce maximum electrical activity in Mg implanted layers and

4,6,10 The anneal

also in C4, Zn,’Si, or S implanted layers.
behavior of carrier mobility indicates that recovery of

the lattice from implantation?caused damage occurs at a
relatively low temperature, since U rises to a reasonable
value for bulk p-type material (in the range 100 to 200 cm2/

V sec) after annealing at as low as 550°C, and then the

curves of Y versus temperature are relatively flat for higher
temperatures. It is interesting to note that samples implanted

14/cm2 reach 80% electrical activity

with ion dose 2 1 x 10
after annealing at 600°C, while samples implanted with
smaller doses require annealing at higher temperatures
before the same percentage of the implanted ions are elec-
tfically’active. Thus it appears that a certain amount of
lattice disorder is conducive to movement of the ions to
lattice sites in which they are electrically active, presumably
substitutional positions. '

The variation of sheet resistivity as a function of
ion dose and anneal temperature is shown in Fig. 7. The
minimum Py observed was apprbximately 300 /0, as in the
case of Mg implanted samples, but the anneal temperature
required to reach that value was only 550°C compared to-
800°C for Mg.

16
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D. ACTIVATION ENERGY OF BERYLLIUM

The activation energy E, of the Be acceptor level in

A
GaAs has not been previously determined. A series of experi-

ments was designed to measure E, as a function of Be doping

A

concentration. Four samples were multiply implanted to

produce deep, uniformly doped layers. of 1016, 1017, 1018, and

lOl9

and implant schedule are shown in Fig. 8 for the 10

atoms/cm3r respectively, The calculated dopant profile
l7/cm3
sample, which was the only one actually measured under this
contract. The sample geometry is also shown in Fig. 8. ' The
sample was designed for Van.der Pauw-Hall measurements, with
the hevaily implanted contact pads in the corners allowing
the use of pressure contacts. The masked areas were formed
by the fingers used to hold the sample during implant and
improved the geometry of the device for Van der Pauw
measurements. _

Because of the low doses and concentrations (as low as
lOlz/cm2 and 1016/cm3) used, a substrate of very lightly
doped (1014/cm3) n-type GaAs was chosen. Unfortunately,
after the samples were implanted, it was determined that
this substrate material converts to.p—type on being annealed
above 650°C. Because of this, the samples were only
annealed to 550°C for 15 min, which ianot enough to fully
anneal the implanted layers.

~After anneal, the Hall effect and resistivity were
measured versus temperature from 333 to 36°K. The upper
temperature limit was set by the equipment, and the lower
temperature limit was determined by when good contact to
. the sample could no longer be maintained. The Van der Pauw
technique was used, and the measurements were performed on
an automated Hall measurement System. This system is

described in Appendix C.
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The resulting'carrier concentration p and Hall mobility

Wy are plotted versus temperature in Figs. 9 and 10. The
values of p were calculated using an assumed layer depth
of 1.16 um. This is the depth of a uniformly doped layer

3 .
and a surface concentration

with a concentration of.lOl7/cm
of 1.16 x 1013 /cm?

(see Fig. 8). The measured values of p were fitted to

, the calculated parameters for this implant

o , A
_ - . -E_/kT
N, © Ep/kT < N, e EA/kT>  Yye Ep/k
- AU : —_— + 4(N, - N ) —— ————
B Ny o+ 5 + NS+ 5 (N, 5 5 ,
) - 7T . : N

p =

the expected behavior for a singly ionized, nondegenerate,

compensated acceptor level. The acceptor density N donor

AI
D’ and EA were adjusted for a least squares fit.
The degeneracy of the level g was assumed to be 4, as expected

density N

for an acceptor in GaAs (a fit, assuming g = 2 gave signifi-

cantly poorer results). The effective density of states in

the valence band N., was calculated from N., = 7 x 1018’

3/2 -3 Y M
(T/300) cm ~. The resulting values of the parameters are
E, = 0.017, eV, N, = 7.3, x 10V%/en®, n_ = 2.2 x 10*%/cn3,
A 3 A 12 0 2 D 2
and fNAdx = 8.47 x 10 . The solid curve in Fig. 9 is

the calculated fit, and the points are the measuréd values.

/cm

The value determined for EA is very reasonable, falling

A= 0.012 eV for Mg and EA = 0.019 ev for C. -

The values of “H versus temperature in Fig. 10 are also

between E

very reasonable, with the measured values having the expected
T-3/2 dependence for lattice scattering at higher temperatures.
The peak mobility of 1500 cmz/V—sec’at 59°K is in reasonable
agreement with values for Zn doped GaAs reported by Ermanis

and Wolfstirnll

([uH]peak

tration reported, NA = 1.275 x 1017/cm3).

at somewhat higher doping levels
= 700 cmz/V—sec at T = 90°K for the lowest concen-
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In agreement with the data presented in Fig. 6, the
mobility seems to be fully annealed at 550°C, whereas the
carrier concentration has not. Part of this iack of anneal
is caused by compensating donors. These are apparently
defect centers which anneal at higher temperatures. The
remainder of this lack of anneal could be caused by Be atoms
not yet on substitutional sites. However, to definitely
establish this, further work would need to be done. This
would consist of measurements versué anneal temperature to
establish the fully annealed values, thereby eliminating
uncertainty in the implanted dose, and measufements on
successively stripped samplesAto establish the profile and
eliminate uncertainty in the depth of the layer. O0f course,
the measurements should be extended to the other samples
in this series.

In conclusion,'Be is a dopant with a low activation
energy that anneals at reasonably low temperatures and has
a very light mass, allowing deep layers to be implanted at
relatively low energies. At this point, it seems to be a
very good candidate for implanting basé regions for n-p-n
transistors, although further work is needed to establish

this firmly.
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SECTION IT11

PROFILE STUDIES

One of the most difficult problems in fabricating an
ion implanted bipolar transistor is obtaining the required
control over dopant concentration pfofiles with depth. Very
little is known about such profiles in GaAs, and the tech-
niques of measurement are not nearly so well developed as
in the case of silicon. For those reasons, much of the work
under this contract was directed toward developing reliable
methods of measuring the concentration profiles of implanted
atoms and the resulting carrier concentrations in GaAs. We
have applied a number of different methods to this problem,
including angle-sectioning and etch staining, scanning
electron microscope measurements, argon ion beam sputtering
for layer removal, and capacitance—voltagé measurements for
determining concentration profiles. All four techniques
have been successful in part, but much work remains to be
done in this area before reliable and adequate data are
obtained for the dopants of interest. The results of mea-
surements made during this contract period and a discussion
of'the difficulties encountered are given in the following

subsections.
A. ANGLE SECTION AND STAIN METHOD

Angle section and etch staining is a standard technique
used for determining junction depths, based on the difference
in etch patterns produced by a given etchant in regions of
different carriers or concentrations. Finding an etchant that.

will reliably delineate the junction in GaAs is a difficult
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problém. The only etchant that wé have found to be at all
effective is a mixture of six parts HZO and one part HNO3.
This etchant was used to delineate the junction in samples
piepared by implanting a dose of 3 x 1014/cm2 40 keV Be ions
into an n-type substrate with n = 1 x 1016/cm3. A beveled
angle of 1.5° was lapped onto the edge of each sample with
0.05 um al, '
etched with the HNO3

was stained dark by this method, and the junction was thus

O3 polishing compound, and the samples were
solution. The implanted p-type layer

revealed for observation by optical microscopy. The results
are shown in Table II. The change in junction depth in the
temperature range 475 to 550°C is believed to result either
from shift of the ND = N, level as more of the implanted

ions became electrically active and/or compensating centers
are annealed away, or from enhanced diffusion because of
high vacancy concentrations in the damaged layer. The cal-
culéted change in junction depth that could be expected to

occur from normal Fickian diffusion at 600°C is only '\110_4

um, using a diffusion coefficient of D = 1 x 10_20 cmz/sec
obtained by extrapolating the date of Poltoratski and
Stuchebnikov.12 The junction depth‘predicted by the LSS
theory8 is ~0.3 um, which supports the first of the two pro-

posed possible explanations of junction motion during annealingQ

TABLE II

Junction Depth in 40 keV Bet Implanted Samples.

Anneal Temperature, °C Depth, um
475 0.15
500 0.27
550 0.30
600 0.30
T338
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While angle section and staining was applied successfully
to Be implanted p-type layers and S implanted n—-type layers
(as discussed in Section II-A), the method did not work for
the case of Mg implanted samples. 1In all cases we were unable
to locate the junction in Mg implanted samples, because the
?—type layer did not stain regardless of what etchant was

used.
B. SCANNING ELECTRON MICROSCOPE METHOD

Scanning electron microscope (SEM) measﬁrements were
also used in an attempt to locate the junction in Mg implanﬁed
samples. Electrical contacts were added to the samples after
they were beveled, so that bias voltage could be applied. The
diodes had reasonably good V-1 characteristics with relatively
low leakage current when reverse biased. Nevertheless, no
junction region could be observed with the SEM operated in
either the emissive mode or the conductive mode. Some of the
diodes were annealed for 1 hour at 500°C after beveling
to remove any lapping damage that possibly had been introduced.
Such damage could conceivably produce deep-level compéensating
centers that would destroy the p-n junction at the beveled
surface. However, no junction was observed either by etch
staining or by evaluation of the SEM measurements in the

annealed samples.
C. ION BEAM SPUTTERING METHOD

The only technigque that was successfully used to locate
the junction in Mg implanted samples was that of layer

removal by Ar ion sputtering. One sample was implanted with
a dose of 1 x lOls/cmz, 45 keV Mg ions with the substrate at

27



room temperature and was sﬁbsequently annealed for 15 min at
900°C. A 2 keV Ar beam was used to sputter off layers of
the Mg implanted sample, and Hall measurements were made to
determine at what point the p-type layer had been cqmpletely
removed. This technique showed the p-type layer to be '
approximately 0.4 uym thick, much greater than the =0.1 um
thickness that would be expected from the LSS theory. It is
unlikely that this large junction depth resulted from ion
channeling because the critical angle for channeling of Mg
ions in GaAs is very small, and the samples were not inten-
tionally aligned. A more probable explanation is diffusion
during anﬁealing. This premise 1is supported by the observa-
tion that diodes formed by Mg ion implantation of n-type sub-
strates followed by annealing at 600°C exhibit strong, broad
area light sensitivity when reverse biased. Diodes made by
similar ion implantation, but annealed_at 700°C or higher,
have essentially no light sensitivity. Since visible photons
penetrate GaAs only to a depth of =0.l1 um, an increase in
junction depth because of Mg diffusion would be expected to
diminish light sensitivity. To establish whether junction
depth was a function of anneal temperature, the combination
of layer removal (by 2 keV Ar ion sputtering) with Hall
measurements of electrical activity was used to roughly
"pracket" the junction depth in a set of four samples im-

planted with an ion dose =1 x lOls/cm2

and annealed at 600,

700, 850, and 900°C, respectively. Since the purpose of this
experiment was to estabiish whether junction depth was a
function of anneal temperature rather than to determine the
exact depth in each case, relativeiy thick layers were removed
in each sputtering step, yielding the coarse data shown in
Table III. These data clearly indicate that junction depth

is a fairly strongnfﬁnction of anneal temperature. Two explana-
tions are possible: Mg diffusion during annealing, or éhange

of the N, = N_ level because of a larger percentage of ions

A D
electrically active after annealing at higher temperature.
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TABLE I1I

P-Type Layer Thickness in Mg Implanted GaAs

o Approximate Thickness of
Anneal Temperature, °C the p-Type Layer t,
600 t < 2500
700 t § 2500
850 2500 <t £ 3500
900 . 3500 < t S 4500
T339
D. CAPACITANCE~-VOLTAGE METHOD

More detailed information about the carrier concentra-
tion profile in ion'impianted layers can be obtained by mak-
ing capacitance versus reverse bias voltage measurements on
Schottky barrier diodes formed on thellayer. This technique
was applied to a set of samples prepared by implanting 40
keV Be ions into <111> p-type substrates (p = 2 x 1016/cm3),
coating them with SiOz, and annealing them for 15 min at
800°C. Following annealing, the oxide was removed in HF
and surface barrier dots were formed on the samples by metallic
evaporation. At first we attempted to form gold surface
barrier diodes on some of the samples. However, satisféctory
surface barrier was not formed on any sample. Leakage current
was sO great that capacitance measurements were impossible,
and in fact it was difficult to tell whether there was even
a rectifying barrier contact. Subsequently, aluminum surface
barrier dots were evaporated on the remaining samples, and

these formed relatively low leakage diodes.
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The capacitance-voltage technique then was used to
determine the carrier concentration profile with depth in
‘three of these samples implanted with different doses of Be'
Details of the sample descriptions are given in Fig. 11, along
with the concentration data. The profile for the most lightly
ddped sample closely follows the distribution predicted by
the LSS theory, but those measureable for the more heavily
doped samples extend over such a small range of depth that
it is difficult to ascribe a shape to the curves. (The
limits to the depth range of the measurements are caused by
reverse bias breakdown at the deep end of the curve and
increasing forward bias conductivity at the shallow end.)

In summary,'ﬁhe results obtained during the contract
period have shown the depth of penetration of Mg, Be, or S
ions to be greater than or equal to the depth predicted by
the LSS theory and in some cases to be dependent on the
anneal temperature. The total picture of ion penetration in
GaAs 1is very complicated, and much additional work is needed
to understand (and ultimately control) the concentration pro-

files of the desired dopants.
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SECTION IV

DEVICES

One of the major objectives leading to transistor fabri-
cation is to determine the electrical properties of junction
diodes produced in GaAs by ion implantation. Thus, as part
of the work under this cont:act, we examined the dc voltage-
current characteristics of both planar and mesa diodes formed

by ion implantation.
A. DIODES

In one case planar diodes were formed by implanting n-
type GaAs substrates with 60 keV Cd ions (at room temperature)
using a sputtered SiO2 layer.as an implantation mask. Holes
were opened in the oxide layer by photoresist masking and
selective etching at the points where ion penetration was
desired. Subsequent to implantation, the samples were coated

with a sputtered SiO, layer to prevent dissociation and were

annealed for 15 min it 800°C. Mesa diodes of the same size
were also formed, by similarly implanting and annealing
identical substrates over their entire surface area, and then
photoresist masking and etching to produce raised mesa
diodes. Ohmic contacts were made to the n-type substrates by
forming a microalloyed Sn-Ni layer by vapor deposition and
heat treatment for 5 min at 450°C. Contact to the p-type
implanted layers was made using indium. The diode area was
fairly large (1.5 Xx 1.5 mm), corresponding to the base fegion
of a relatively large rectangular transistor configuration
that has been chosen for initial experimentation. Reverse

leakage current in these potential base-collector diodes was
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8 A/mm2. However, one problem

observed to be very small, 100
noted was that many of the diodes appeared to be "shorted"
.after large area In contacts were applied to the implanted
p-type layer, while they had relatively good diode charac-
teristics when contact was made using just a gold probe. The
effect seemed to be associated with small pin holes in the
p-type layer that resulted from lifting of the protective oxide
film during annealing or etching. Such oxide lifting was .
found to be a major problem in transistor fabrication, and

thus much work was done during the contract period to improve
our oxide coating techniques. The results of this work are
detailed in Section V of this report. At this point, it
suffices to say that oxide lifting results, to a large extent,
from inadequate surface cleaning prior to deposition. The

use of more elaborate cleaning procedures than mere solvent
washing greatly mitigates the problem, as proven by the
following example. ‘ _

A new set of Cd implanted diodes was prepared for which
the fabrication and contacting techniques were the same as
those used for the diodes described in.the preceding para-
graph, except that the new sampleé were ultrasonically
cleaned in hot methyl alcohol before'being sputter coated
with SiO2 to provide surface protection during annealing.
This procedure greatly reduced the problem of oxide lifting
and resultant pin hole production that was responsible for
shorting many diodes of the earliér set, which was only
rinsed in hot methyl alcohol but not ultrasonically cleaned.
However, the ultrasonic cleaning can cause fracture of the
brittle GaAs wafer and thus is somewhat hazardous. (There—
fore, we continued to investigate possible improvements in
cleaning procedures such as sputter removal of a few
angstroms of material from thé surface immediately before
8i0, coating, as described in Section V.) The voltage-
current characteristics of the new diodes are shown in
Figs. 12 and 13; the following observations can be made from

the data.
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The forward characteristics of the diodes
essentially follow the familiar relation

_ gv_>
J = Jg exp <nKT '

where n has a value between 1 and 2 corres-
ponding to a combination of both recombina-
tion current and diffusion current as one
would expect in a GaAs diode. Projection

. of the exponential portions of the curves
to the zero voltage axis gives values of
the saturation current density Jg which
are greater for mesa diodes than for

planar diodes, all other variables being
~equal. The larger values of Jg for mesa
diodes may result from surface leakage
current generated at the exposed junction
perimeter, although the planar diodes were
not coated with a passivating oxide layer
and hence also had an exposed junction.

The effect of series resistance was appar-
ent in the case of diodes 2 and 5, both
with substrate concentration = 4.7 x 1017/
cm3. The indicated series resistances are
=130 Q2 for diode 2 and =2700 @ for diode

5. Calculations show that the series resis-
tance introduced by the bulk substrate
material should be =6 x 1073 Q for these
diodes and the "spreading" resistance for
current flow from the In dot contact through
the p-type implanted layer should be _
%130 2 at most. Capacitance-voltage measure-
ments indicate that there is no I-layer '
present. Thus the unusually high series
resistance most likely is caused by a high
contact resistance in the alloyed (Ni-Sn)
contact to the n-type substrate. It is more
difficult to contact lightly doped n-type
GaAs than it is heavily doped material. We
have found that the Sn-Ni alloy technique
produces a reliable ohmic (nonrectifying)
contact to substrates with impurity concen-
trations as low as 2 x 1014/cm . However,
excessive contact resistance may result.
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) Reverse leakage current is greater in mesa
diodes than it is in planar diodes formed in
the same substrate material; this is consis-
tent with the observation that Jg is larger.
For all diodes tested, the slope of the
reverse current-voltage characteristic is
greater than that which would be expected
if diffusion current and generation cur-
rent were the only components flowing. The
additional current may be due to tunneling,
particularly in the case of diode 3 formed
'in the most heavily doped substrate and having
as a result a very narrow junction depletion
layer. ‘

e  The reverse bias breakdown voltage was in
the range of 5 to 8 V for all diodes. This
is approximately what is theoretically
predicted for avalanche breakdown in abrupt
junctions formed in relatively heavily doped
substrates such as these. (In terms of
p- and n-type impurity concentrations,
these diodes represent emitter-base junctions
rather than base-collector junctions. Prac-
tical base-collector junctions will require
substrate impurity concentration %1016/cm3.)

Since the planar diodes had somewhat better electrical
characteristics than mesa devices, and since planar technology
can be more easily applied to the more complex structure of
a transistor, we decided to fabricate some preliminary

transistor structures using planar technology.
B. TRANSISTORS

Transistor structures were fabricated by implanting
n—type'substrates with 45 keV Mg ions to form the base
regions and subsequently implanting them with 20 keV Si ions
to form the emitters. SiO, films (22000 & thick) sputter
deposited at room temperature, were used as implantation

masks. Holes were opened in the areas where ion penetration
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was desired by using photoresist masking and HF etching tech-
niques. The SiO2 films used as masks to form first the

bases and then the emitters held up well throughout the vari-
ous processing steps; good adhesion was observed, possibly
because we used a light sputtering with Ar ions to clean the
sﬁrface of the wafers before deposition of the SiOZ. (There
was no break in vacuum between the sputter cleaning and
deposition steps.) Two wafers were processed, each contain-
ing nine transistor structures with the rectangular geometry
shown in Fig. 14. The calculated dopant concentration pro-
files with depth, based on LSS theory, are shown in Fig. 15.
However, from past experience we expected that both the
emitter and base junctiohs would be deeper because of ion
channeling and/or diffusion. When the two wafers were put
through the critical high temperature annealing process that
is required to cause the implanted ions to become electrically
active, problems associated with processing technology became
evident. However, the initial results were encouraging, in
that five n-p-n structures were created. One wafer, with

the calculated concentration profile shown in Fig. 15(b),

was annealed for 15 min at 800°C.' During annealing the pro-

tective SiO, layer lifted at many localized spots,,resulting

in.dissociaiion at these points. Because of this, the second
wafer, with the concentration profile shown in Fig. 15(a), was
annealed at only 700°C for 20 min. The lower annealing
temperature did reduce oxide 1ifting, but after masking and
etching to open up the base and emitter contact holes, the

SiO2 layers on both wafers were in such poor condition that it
was impossible to evaporate metallic contacts without shorting
out the devices. (See Fig. 16). Nevertheless, it was possible
to measure some of the device characteriétics using pressure
probes, which formed rectifying surface barrier contacts.

All of the devices on the wafer annealed a£.800°C appeared
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to have an emitter-to-collector short; no p-n junction
behavior was observed. However, on the wafer annealed at
700°C, five of the nine devices had good emitter-base. and
base-collector junctions. The others appeared shorted. Mea-
surement of the forward bias characteristics of the junctions
was prevented by the surface barrier contacts. However, the
reverse bias characteristics of the junctions could be mea-
sured, since the surface barriers were forward biased for
conditions of reverse bias on the p-n junctions. The
reverse breakdown voltage for the base-collector junctions
was =25 V for all of the nonshorted devices, while emitter-
base reverse bfeakdOWn voltage was =15 V. For both emitter-
base and base-collector junctions, considerable generation
current was observed when the devices were illuminated by a
microscope light while under reverse bias. While the devices
had what appeared to be good junctions, we were unable to
observe any transistor action when the device characteristics
were displayed in the common emitter mode on a curve tracer,
with the base current stepped as high as 1 mA. In other
words, they had immeasurably small B. o

To permit further study of the electrical characteristics
of these transistor structures, ohmic contacts were formed on
the emitter and base regions of one of the transistor struc-
tures by the following process. First, a new 2000 & thick

layer of sputtered SiO., was deposited over the entire wafer

to fill in the holes tﬁat developed in the old oxide cover
during annealing. Next, a layer of photoresist was put on
the wafer. It was exposed, developed, and etched to open
contact holes at the emitter and base regions. Then a layer
of silver was evaporated over the photoresist, filling in the
contact holes as well. During this step, a metal mask was
used to limit the silver deposition to the area surrounding

only one device, thus leaving four remaining n-p-n structures
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for possible future experihentation with different contacting
methods. Finally, the photoresist was dissolved away with
ecetone,vcarrying the silver layer with it except in the con-
tact regions where the silver adhered well to the GaAs. .The
evaporated silver resulted in nonrectifying contacts to the
base and emitter regions, permitting measurement of the junc-
tion characteristics. Both the emitter-base and base-
collector junctions were found to behave normally, except
that reverse leakage current was considerably increased by
the addition of the silver contacts. This increase in leakage
current over that observed when contact was made merely with
tungsten probes was possibly caused by minute shorts at the
points in the base and emitter contact regions where oxide
- 1lifting during annealing had allowed localized dissociation
of the GaAs. When theé device characteristics were displayed
in the common emitter mode on a curve tracer, with the base
current stepped as high as 100 mA, no transistor action was
observed. As before contacting, B was = zero. The device was
viewed with an infrared image converter.while the biases were
being swept by the curve tracer. Light emission was observed
when base current was stepped above 10 mA and the intensity
appeared to increase relatively uniformly with increasing
base current. The intensity of lighn emission was, however,
independent of collector voltage (and current). All of the
carriers injected at the emitter-base junction appeared to
be recombining in the base region before reaching the
collector. The most likely explanation is that the base width
far exceeded the calculated 0.05 ym that would nave resulted
if the concentrations of electrically active dopant atoms
corresponded to those shown in Fig. 15.

The problem of producing the desired dopant concentra-
tion profiles in GaAs is extremely complicated, because there

are few experimental data available for the dopants of
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interest, and there is no quantitative theoretical model

for ion penetration in a crystalline semiconductor that is
adequate to predict the profile that will result from a given
set of implantation conditions. 1In addition, junction depth
measurements (described in Section II1I) have indicated that
the carrier concentration profile that results from a given
implant, in some cases, depends on the anneal temperature
used. Considering these prbblems; we were not surprised

to find 8 = 0 for devices fabricated based on profiles cal-
culated using the LSS theory, which strictly applies only to
amorphous materials and which neglects the effects of diffu-
sion and unionized dopant atoms. Nevertheless, the devices

that were made did establish the following important facts.

° It is possible to fabricate an n-p-n struc-
ture in GaAs by double implantation of both
n- and p-type dopant atoms, followed by
annealing.

® During annealing, sufficient radiation damage
can be removed to produce back-to-back diodes
with relatively low reverse leakage current.

° The observation of strong luminescence when
the emitter-base junction was forward biased
indicated that minority carrier lifetime
in the base region was at least as long as
the lifetime for radiative recombination.
Since this radiative lifetime puts a
fundamental upper limit on diffusion length
in GaAs, one can conclude that minority
carrier lifetime (or diffusion length) in
a properly annealed ion implanted transistor
is not limited by residual radiation damage.

In addition to establishing the above encouraging facts,
fabrication of the transistor structures also served to point
out a number of technological problems related to forming the
required oxide coating and eléctricai contacts. These prob-

lems are discussed in the following section.
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SECTION V

TECHNOLOGY

A. CONTACTS

One of the problems encountered in making aﬁy GaAs
device is that of forming adequate ohmic contacts. Contact
can be made to p-type.material (with carrier concentration
>1016/cm3) fairly easily by using indium in the form of either
an evaporated or soldered contact. In the case of n—ty?e
GaAs, particularly for a thin ion implanted layer, other
techniques must be used. One method that can be used is to
evaporate a layer of tin, followed by a layer of nickel to

' and then annealing at

prevent the tin from "balling up,'
450°C for about 5 min. This technique results in ohmic con-
tacts even on material of low carrier concentration (<1016/cm3),
but we found that contact resistance was fairly high (>1000 Q)
in some cases. In addition, this method is not 100% effective
on ion implanted n-type layers, because the alloyed contact
penetrates ~0.1 um and can thus short through a thin layer.

A method that was used successfully to contact implanted
n-type layers is to form contact pads of evaporated silver
at room temperature. Even without annealing, the resulting
contacts had lower resistance than the Sn-Ni alloy contacts,
and there was no problem of excessive penetration through
the implanted layer. We have used evaporated silver (in work
on related contracts) to produce ohmic contacts on n-type
GaAs with a carrier concentration of n = 1014/cm3. According
to Mike Malbon,13 who suggested the Ag contacts, the contact
resistance can be reduced'by annealing at 400 or 500°C.

Difficulties with the silver contacts are that they are soft
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and easily abraded, and that they tarnish in air within a

few days unless they are gold coated.
B. SURFACE COATING TECHNIQUES

Because of the reported difficulties associated with
oxide lifting during annealing, we initiated a concentfated
effort to analyze and solve the problem by developing improved .
oxide coating techniques for GaAs.

To protect GaAs crystals during high temperature process-
ing (up to 900°C) we have employed thin layers of silicon
dioxide deposited by means of Ar ion beam sputter-evaporation,
using fused silica as a source material. The main objectives
have been to establish a workable process and to optimize
film thickness, so that thermal erosion during annealing is
eliminated or reduced to a degree acceptable for transistor
fabrication. , - _

Silicon dioxide deposition is very sensitive'to surface
cleanliness. Particles left on the surface prior to
oxide deposition lead to formation of pin holes or bubbles
in the oxide during annealing which allow thermal erosion
at those points. Figure 17 is a dafk field photograph.of
an oxide after 800°C annealing. The surface is badly eroded
and typical of the results obtained if the substrate is not
sufficiently cleaned or if the oxide is not thick enough.

~The best results havé been achieved with the following
cleaning procedure: 10 min in hot trichloroethylene, 10 min
in hot acetone, and 10 min in hot isopropyl alcohol, followed
by a 5 min rinse in running deionized water. (Swabbing is
used when necessary.) Just prior to oxide deposition in
the evaporator, the GaAs surface is ion bombarded in pure
argon at 5 keV energy-and 10 uA/cm2 beam density for 5 minutes

which removes ~v50 to 100 & of material.
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Fig. 17. Dark Field Photograph of
an Eroded Surface after
800°C Anneal (55x).
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/ Figure 18 is a high power (11,000 x) scanning electron
micrograph of a typical evaporated oxide layer prior to
annealing. Note that no defects are observable. (The two white
spots are dirt'specks, intentionally included to'demonstrate
that the mlcroscope was properly focused.) Flgure 19 shows
the results obtained after an 800°C anneal of a sample cleaned
with the described procedure © Oxide lifting is greatly reduced
by the 1mproved cleanlng procedure,_but some defects remain.
(See Fig. 17 for comparison with Fig. 19. ) _

In summary, ion beam evaporated layers of silicon ,
dioxide - in the ‘thickness range from 2000 to 4000 & have suffi-
ciently protected GaAs surfaces durlng high temperature
processing to allow electrlcal measurements to characterize
implanted dopant layers. However, even with the best clean-
ing procedure we have found, the oxide'integrity is not such
that it could be used reliably for small device fabrication at
this time. Future work should be done to eliminate pin holes
and to investigate the observed defects which form on (or in)
the oxide. Also; other methods of,depcsition are possible,
including the use of other materials, such as aluminum oxide
or silicon nitride. The use of these materials as protective

films should be further investigated.
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Fig. 18. Scanning Electron Micro-
graph of a 3000 R Silicon
Dioxide Layer Before
Annealing (11,000 x).
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Fig. 19. Light Field Photograph of Surface
Defects after 800°C Anneal of
Sample Cleaned Following the
Improved Procedure. (50 x).
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Mg AND Be IMPLANTATION TECHNIQUES

The Mg or Be implantation doping of the GaAs samples
was performed in a 150 kV implantation system using hot-
cathode electron-bombardment ion source to produce the Mg
ahd Be ions.

The Mg ions were generated by placing metallic Mg in an.
axial probe inserted into the source from the back flange
to a location on the axis where the beam current could be
controlled at the desired level; a current at the target of
a few pA was sufficient for the work reported. The ion-
source and system were shown to be capable of delivering
about 50 pA of Mg to the target. Two techniques were tried
to produce a Be ion beam. Using Be metal in the probe, as

8 A of Be+ because

was done for Mg, produced only about 10
of the temperature limitation within the-source and the lower
vapor pressure characteristics of Be. The use of_BeCl2 in
the probe produced about 0.2 uA of Be+, which was sufficient
for the reported work. _

For both Mg and Be, a plasma was generated in the ion
source, and the ions were eXtractéd.from the plasma at about
2 kV and introduced through a focuéing lens into a 150 kV
constant gradient accelerator that was partially shorted
for the lower eﬁergies used here. An electron suppression
geometry was used that produces ion current independent of
bias Voltage above 45 V of suppression voltage; 90 V was
applied for the implantations.

Mass spectra obtained for the ion beams used showed good
separation among the Mg isotopes (see Fig. A-l). Be has a
single stable isotope of mass 9, that is easily mass separated.
A mass separation definition slit placed just before the beam

24+ 9

raster scanner allowed Mg and Be™ to be separated from
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other components of the beams, even when the beam was swept
over a 2 X 2 in. area. Mass separation was performed by
passing the total ion beam through a circular.electromagnet
with 6 in. diameter pole faces. The resolviﬁg power of the
total system was about 150.

' Uniform ion current density and hence dose were produced
over the GaAs sample area by electrostatic deflection of the
ion beam with orthogonal triangular wave form potentials
of different frequencies applied betWeen two pairs of plates.
The ion dose was controlled by integrating the suppressed
current to a target area larger than the sample and smaller
than the area covered by the fastered ion beam. The inte-
grator was preset to the total charge corresponding to the
deSired ion dose over the controlled area, and the rastered
‘ion beam was maintained centered onAthe target area during

implantation.
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Mg and Be Ion Implanted GaAs*

R. G. Hunsperger, R. G. Wilson and D. M. Jamba

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

P-type layers have been produced in Ga;As by implantation of either
Mg or Be ions, with the substrate at room temperature, followed by anneal-
ing at higher temperatures. The ion source in both cases was a hot-cathode,
electron-bombardment type. The Mg ions were gene fated i)y placing mefallic
Mg in an axial probe iﬁserted into the source, while the Be ions were pro-
duced by placing BeCl2 in the probe. N -type g111> substrateswere implanted
with 45 keV Mg or 40 keV Be ions, and were subsequently annealed for 15
minutes at temperatures up to 900°C. The depehdence of surface carrier
concentration, and mobility on ion dose and on stt—implaritation anneal tem-

peratures was determined using the van der Pauw-Hall technique.

*This work was supported in part by NASA, Langley Research Center,

Hampton, Virginia.
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*
Mg and Be Ion Implanted GaAs

R. G. Hunsperger, R. G. Wilson and D. M. Jamba

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

Beryllium and magnesium are known to be p-type dopants in

GaAs.l’ 2 However, to our know.ledge, they have not been used pre-
\}iously as dopants by means of the ion implantation method. Because
Mg and Be are light ions compared to the commonly used p-type dop-
ants for GaAs such as Zn and Cd, they penetrate more deeply into the
la:ttice for a given ion energy and hence are particularly. useful in appli-
cations where a relatively thick doped layer is required. This paper
describes the methods of generating the desired Be and Mg ions and the
electrical propertiés of the p-type layers produced by implar:ting them
in GaAs substrates. |

A hot-cathode, electron-bombardment ion source was used to
produce the Mg and Be ions. The Mg ions were generated by placing
metallic Mg in an axial probe inserted intc the source from the back
flange to a location on the axis where the ion seam current could be
controlled at the desirec level; a current at the GaAs target of a few
PA was sufficient for the work reported here, although the ion source
and system were shown to be capable of delivering about 50 pA of Mg
to the target. Two techniques were tried to produce a Be ion beam.
Using Be metal in the prote as was done for Mg produced only about
10-8 A of Be+ because of the temperature limitation within the source
and the iower vapor pressure character_istics of Be. The use of BeCl2

in the probe produced about 8 uA of Be' which was sufficient for the

repcrtzd work.

*This work was supported by NASA Langley Research Center, Hampton, VA.
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Mass separatioﬁ of either 24Mg+ or 9Be+ from éther compo-
nents of the beams was performed by passing the total ion beam in
each case tﬁrough a 6'" dia. eiectro'magnet and a définition slit placed
just before the electrostatic raster scénner which was used to scan the
bea;'n over a 2 x 2 inch area. Mass spectra obtained for the ion bear:as
showed good szparation among the Mg isotopes (see Fig. 1), and the
éingle stable Be isotope of mass 9 was also eaéily mass separated.

The GaAs substrates used in these experiments were <111 >
oriented wafers (+ 30), with the B face ch'emically polished prior to
implantation. The wafers were intentionally misaligned 8° with the
ion beam. during implantation to minimize ion channeling. Imélaﬁta— :
tion was performed with the substrates at room temperature and the
samples were subsequently coated with a 2000 R thick sputtered layer
of SiOZ prior to annealing at higher temperatures in a flowing N.2 atmos;
phere. This oxide coating has been found effective in preventing dissocia-
tion of the GaAs, as well as reducing outdiffusion of the implanted ions
during annealing.

The carrier concentration per émz,' NS’ and the effective mo-
bility, u, iﬂ the p-type layers produced by ion-implantation a.nci aﬁneal-
ing were measured using the van der Pauw-Hall technique. 3 The sub-
strates used were n-tfpe, withn=1x 1016/cm3, so that the p-n junctior.l
between the implanted layer and the substrate wc;uld provide electrical
isolation during measurement.

One group of samples was prepared by implanting 45 KeV Mg+

2

ions, in doses ranging from 5 x‘1013/cm tol x 1015/cm2. They were

then annealed at temperatures in the range 100 - 900°C. No p-type
layer was observed in samples annealed at < SOOOC’, but they did form

in samples annealed at > 600°C. The results of Hall measurements made
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on those samples are éhown in Fig. 2 Note that for samples with ion
dose <1 x 1014/cm2, 100% electrical activity was observed after anneal-
ing at 800°C. The surface carrier concentration (after 800°C anneal)

saturated in the range of 1 - 2 x 1014/ém2 for samples with ion dose

> 1014/cm2, while anne/aling at 850°C and 900°C produced a decrease

in carrier concentration in these samples from that obtained after 800°C
anneal. This decrease may be due to outdiffus"ion of the Mg, or possibly
may result from self-compensation. The maximum carrier concentra-
t:ion/cm2 that was observed corresponds roughly to a peak concentration
in the implanted layer of 2 x 1019/cm3, which has been reported also

by Kre ssel and I—I..awrylo4 to be the maximum concentration they observed
in epitaxially grown (950°C) layers. The peak concentration/cms'in the
implanted layer is not known exactly because the concentration versus
depth profile was not determined. The thickne ss of the p-type layer in
samples annealed at 800 - 900°C was approximately 0.4 micron, as |
determined by thin layer "'stripping' (using 2 kV Ar ion sputtering)
coupled with Hall measurements. The layer thickness predicted by the
Lindhard—Scha.rff-Schic‘tt5 (L.S.S.) range-energy theory is ~0.12 micron.
Thus it is apparent that some ion channéling or diffusion did oc.cu‘r, and
it cannot be assumed that the implanted and annealed layer has the
Gaussian shape pfédicted by the L.S.S. theory.

The fact that carrier mobility was ~100 cm2 /Vsec even in
samples annealed at only 600°C sugge sts that lattice dis.order produced
by Mg implantation anneals at a lower temperature than that produced
by the same dose of Cd or Zn ions. Cd or Zn implanted layers must
be annealed at ;SOOOC before mobility recévers to values ~ 100 cm?/

Vsec that are comparable to mobilities observed in bulk GaAs single

crystals of equivalent doping concentrations.
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The electrical éroperties of p-type layers produced by room
temperature implantation of 40 keV beryllium ions are shown in Fig. 3.
As in the cafsev of Mg, no p-typé layer was observed until the samples
were annealed. The anneal temperatufe required to produce a p-n
junction depended on the ion dose, and varied from 4750C for a sample
implanted with 3 x 1014 ions/cm2 to 750°C for one with ion dose =

2, In the case of samples implanted with >1 x 1014 ions/cm

1 x 1013/cm
maximum electrical activity ( >80% of the implanted ions electrically
active) was observed after annealing at only 600°C. This temperature

is cqnsiderably lower than SOOOC, which has been found to be the temper-
ature reégired to produce maximum électrical activity in Mg impnlanted
layers and. also in Cd, Zn; Si or S implanted 1ayers,6f 7.8 The anneal
behavior of carrier mobility indicates that recovery of the lattice from
implantation-caused damage occurs at a relatively low temperature, sinée
B rises to a reasohab_le value for bulk p-type material (in_the. range

100 - .zoo_cm‘2 /Vsec) after annealing at as low as 550°C, and then the
curves of , vs. temperature are relatively flat for higher temperatures.
14, 2

It is interesting to note that samples implanted with ion dose = 1 x 10 m

reach 80% electrical activity after annealing at 600°C while 'sarfxpfes im-
planted with smaller doses require annealing at higher tempe_ré.tu?és
before the same percentage of the implanted ions are electrically active.
Thus it. appears that a certain amount of lattice disorder is conducive to.
movement of the ibns to lattice sites in which they are electrically active,
presumably substitutional positions.

Angle-section and staining techniques applieci to samples implanted

with 3 x 1014

Be+/cm2’ showed that the p-n junction depth varied from 0.15
micron in samples annealed at 475°C to 0.3 mic ron in samples annealed

at 550 or 600°C, and remained at about 0.3 micron in samples annealed

above 600°C. The change in junction depth in the temperature range 475 -
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SOOC is believed to result either from shift of the ND = NA level as

5
rﬁore of the implanted ions became electrically active, or from enhanced
diffusion because of high vacanc;y concentrations in the damaged layer,
The calculated change in junction depth that could be expected to occur
from normal Fickian diffusion at 600°C is oﬁly ~16-4 micron, using

a diffusion coefficient of D = 1 x 10-20 crn,z/sec obtained by extrapolat-

ing the date of Poltoratskii and Stuchenbnikov. K The junction depth pre-
dicted by the LSS theory5 is ~ 0.3 micron, which suppofté the first of
the tWo proposed possible explanations of junction rﬁotion during an-
nealing. |

The results presented in this paper have shown that Be and Mg
can be used as ion-implanted dopants in GaAs, producing p-type layers

with reasonably large hole concentrations and mobilities in the range

100 - 200 cm? /Vsec.
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Figure Captions

1. Mass Spectra of lon Beams
| a. used for Be implantation
b. used for Mg implantation
2. Electrical properties of Mg implanted layers in GaAs

3. Electrical properties of Be implanted layers in GaAs
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HALL MEASUREMENT SYSTEM

A computer controlled data acquisition system is avail-
able to'automatically make Hall effect measurements versus
temperature. The system is currently capable of controlling
the sample temperature from 4.2 to 323°K. It can accommodate

any configuration of the sample from 8-lead bar to Van der

9 2

A to 10 “ A.
The system is set up to provide both a list and a plot of the

Pauw and control the current applied from 2 x 10

calculated results (density of free carriers, surface con-
centration; mobility, etc.) in real-time and to communicate
the data to a lafge time-share computer for nonlinear curve
fitting to determine the energy of the impurity level, the
density of donors, and the density of acceptors.

A. DESCRIPTION OF SYSTEM

A block diagram of the system is shown in Fig. C-1. The
system is built around a Lockheed MAC-16 computer with 8 k
words of memory. Bulk storage is proﬁided-by a cartridge
magnetic tape unit with 4 tape drives (200 k words capacity)
and a faét (8.3 msec average access time) disk of 200 k words
capacity. Communication with the experimenter is provided
by a teletype, a high speed printer, and a plotter. The
digital to analog converters (D/A) which drive the plotter
are also capable of driving an oscilloscope display. A
real-time clock provides both time of day and interval timing
functions. The time of day portion runs on an independent
power supply with battery backup. This allows the computer,
which has power failure detection and auto-restart capability,
to determine the length of a power failure and thus whether
to abort or continue a run. This capability is essential

for unattended operation.
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Analog to digital conversion is provided by an integrat-
ing digital voltmeter (IDVM) with 1 uV resolution out of 1 V
and a 1 sec integration time for high noise rejection. A
low level guarded scanner with <1 uV offset precédes the
IDVM. The voltage signal from the Hall sample is buffered
by a differential electrometer amplifier of unity gain. This
~amplifier has lO14 @ input impedance, 10 uV and 1 fA p-p
rnoise level (0.01 - 1 Hz), >145 dB common mode rejection, and
a dynamic range of *20 V. The amplifier is guarded and pro-
vides individual driveéen guards for both inputs to minimize
the effects of cable capacitance. A constant current source
can be programmed from 2 x 1002 A to 1072 A in a 1, 2, 5
sequence with an accuracy of 0.1% and a compliance of 20 V.
This circuit can also be used to measure sample current with
an external constant voltage source (such as a D/A) applied
to EZe sample. A special switching matrix which maintains
>10

allows switching the current (or voltage) source onto any

2 insulation resistance and <1 uV offset voltages,

two of eight sample leads and also allows switching the

input to the differential electrometer to'any two of eight
sample leads. A separate voltagé source may be switched onto
one of the sample leads to allow biasing the back of a sample.
Provision is also made for the "zapping" of contacts. The
versatility of the switching matrix allows Hall measurements
to be made on any desired Hall pattern, from 4-lead Van aer
Pauw to 8-lead bar.

The computer controls 16 relays, two of which dre dedi-
cated to controlling the magnet, i.e., turning it on and off
and réversing it. The maximum magnetic field available is
13 kg. Computer control of the magnitude of the magnetic

field is planned for future expansion of the system.
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The dewar is of the flowing gas type. At present, the
sample temperature can be regulated from 4.2°K to 323°K by
means of the computer providing a set point voltage (via a
D/A) to the dewar temperature controller. The computer can
sense when the sample temperature has stabilized and can mea-
sure the actual sample temperature by means of a platinum

resistance thermometer.
B. SYSTEM SENSITIVITY

The sensitivity of the system is characterized by the

equation for the Hall voltage VH'
V. = —— x 10 ' (C-1)

where B is the magnetic field (g), I is the current (A), e
is the'electronic charge, and NS is the surface concentra-
tion (cm_z). Thus the maximum value of Ns that can be mea-

sured is given by

Bmax Imax -8 '
(NsXmax = eV .. % 10 : ' (C-2)
H min
I£f I is detefmined by the current source (1 = 10_2 AaA),
max max
(VH)min is determined for a signal-to-noise (S/N) ratio of
100(V.) . =10"%v], and B___ is the maximum available field
H' min max, e -2
(13 kg), then (NS)max ~ 8§ x 10 cm “.

For small mobilities, the resistance of the sample rises

until Im is limited by the maximum voltage that can be

ax

applied to the sample (Vs)max'

and contact arm resistances to the sample resistance is such

Typically the ratio of contact

that (Vs)max is no more than about 5 V. This value is often
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consistent with the limitation imposed by avoiding breakdown
of the isolation junction. If the sample configuration is
about 13 (as in the van der Pauw method), the sample resis-
tance is numerically equal to the sheet resistiVity, given
by ’

- -1 _
R, = (Ns ey) ' . (C-3)
Substituting Imax =_(Vs)maX/Rs and eq. (C-3) in eg. (C-2),
(Ns)max cancels out and we are left with a minimum value
for u: '
' _ -1 +8 _
Hmin = (VH)min (Bmax (Vs)max) x 10 d (C-4)

R

0.15 cm2/V—sec

for the above values. As Ry increases, the Current noise
Ain of the amplifier dominates, and_(VH)min in (C-4) must
be replaced by 10 Ain Ro» where the factor 10 is the assumed .
S/N ratio. This yields

4

(N_)

, 10 Ai_[B (v.)
s'min n

' e
max s’ max

3.8 x 1071 /0% cm™% . " (c-5)

R

As Rs increases further, it approaches the input impedance
Riﬁ of the amplifier, setting an upper limit on RS of about
0.03 Rin =~ 3 x lO12 8. This sets a further bound on NS

given by

-1

R

(N_)

s’min (0'03 Rin eu)

2.1 x 10%/u em™ - (C-6)

R
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Note that high contact or contact arm resistances could
greatly increase the source impedance presented to the ampli-
fier, which is what actually should be used for R in (C-5)

‘and (C-6), and thus degrade the performance of the system

considerably.

For large values of u, the maximum field is limited by
the condition that (uB x 10—8) << 1, in order that the low
field Hall mobility be observed. Assuming that uB . x 1078
= 0.1 satisfies the condition, (N ) becomes

‘ s’ max
0.1 Ifnax
(N ) ¥ ——
s’ max ue(VH)min
19
. 6.7 ﬁ 10 cm 2 ) (C=7)

These results are summarized in Fig. C-2, where the accepta-
ble range of NS and p is indicated (the limitatidn implied by
eqg. (C-6) is too small to show).

. An important limiting factor is the value of (Vi) in
which is determined by the noise of the electrometer buffer
amplifiers. A decrease in (VH)min;
move each of the boundary lines to increase the acceptable

would proportionately

range of NS and yu. The trade—-off is that a decrease in
amplifier noise is usually accompanied by a decrease in input
\impedance. This restricts the maximum value of RS. For
example, a state-of-the-art improvement in the amplifier
might yield a noise level of 0.4 uV and 4 pA p-p (0.0l to

1 Hz) with an input impedance of lO9 2. This would improve
performance to the dashed line in Fig. C-2, but note that

the trade-off is a poor one for high values of RS. A fur-

ther improvement in input noise level and (Vg can be

_ min
achieved by converting to an ac excitation for the constant
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current source and providing a lockin detector. However, it
is difficult to maintain a high input impedance in an ac system

because of the effects of input capacitance. Note that the

_present system has been optimized for high source impedances,

and iS'useful over a very large range of parameters. It is.
only when pushing for extremely low mobilities or fof,higher
doping densities than afe.normally_enCOuntered in ion implan-
tation research that improVéméﬁts to the system wouid be

necessary.
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