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ABSTRACT
RANGAPPAN, ANIKARA. The Electricél Properties of 60 KeV.Zinc Ions
Implanted iﬁto Semi-insulating Gallium-Arsenide (under the direction
of Michael A. Littlejohn).
 The electrical behavior of zinc ions‘implanted into chromium

doped semi-insulating gallium-arsenide has-been investigated by
measurements of the sheet resistivity and Hall-effect. Room tempera-
ture implantations have been performed using fluence values from
1 x_lO12 /cm2 to 1 x lO15 /cm2 at 60 KeV. The samples were annealed
for 30 minutes in a nitrogen atmosphere up tO»BOO?C ip steps of 200°C -
and the effect of this annealing on the Hall-effect and shéet
resistivity has been studied at room temperatﬁre using the well-known
‘Van der Pauw technique.

The temperature depepdence of sheet resistivity and mobility
was measured from liquid nitrogen temperature te room temperatufe.
Finaliy, a measurement of the implantéd profile was obtained usingv
a-layer removal technique éombined with the Hall-effect and sheet
besistivity measurements. This deasﬁrement was made on a-sample
implanted with a dose of 1 x 10ls /cm2.

The implanted layers were all p- type.in the as - implanted
condition before annealing. For ion doses between 1 x lOl2 /cm2
to 1 x lOlq /cm2 the mobility and sheet resistivity increased
drastically upon annealing to 400°C, In the range between 600°C to
800°C the mob;lity vélue saturated and the resistivity decreased,
bringing the electrically active effective surface concentration near

the total dose. The samples with heavier doses behaved in the -



same way as far as mobility was concerned:. However, the resistivity
continually decreased with annealing temperature, and the effective
carrier concentration was far below the jotal dose.

The results of the temperature depéndence of the resistivity and
mobility show that a deep-lying defect cénter predominates the electri-
cal transport properties. An estimate of the activation energy of this
defect is p.26eV above the valence band edge. An estimate of the
implanted profile indicates that enhanced diffusion during annealing
is occurring and that the defect centers could be compensating donors

in nature;
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CHAPTER I
1. INTRODUCTION

Ion implantation is the introduction of atoms into the surface
layer of a solid substrate by bombardment of the solid with ions in the
KeV to MeV energy range.

As a means of doping semiconductors,'ién implantation has been a
subject of considerable interest in recent yeérs. This is because it
is an intriguing physical process as well as having the practical
possibilities of improvéd or unique metheds for making semiconductor
devices. Some of the characteristics of ion implantation which are of
potential value are lower process temperatures and the possibility of
attaining doping concentrations well above thé solid solubility limit
in thin layers. With respect to masking, special aanntages include
the use of evaporated or demountable metal masks and the possibility of
eliminating masks by doping patterns direétly with programmed ion
beams. In contrast to the diffusion process, an important aspect of the
application of ion implantation to gemicqnductgy technqlogy is that thé'
number of implanted iens is controlled by the external sysfem:rather
than the physical properties of the substrate. |

The physical proéesses taking place QQPing ion implantation are
much more complex than those occurring during thermalvdiffusion. The
énergy of the incident ion is more.than five orders of magnitude .
larger than thé,thermal energies used in diffusion. Because of the

high energy of the incident ion, a sﬁbstantial amount of lattice

disorder is produced. The influence of the semiconductor lattice



on the path of the .ion is another important complicating factor. As-
a result the number of process parameters influencing the final electri-
cal behavior of the implanted layer is far greater than for the diffu--. .
sion procesé.
In tracing the ion to its final location in the crystal, a number
of processes must be considered. An ion.can lose its energy in
several ways. Those ions which either impinge on, or are deflected ihto,
paths that do not lie.along a laow order crystallographic.direction lose
their energy as predicted by the Linhard, Scharff and. Schiott tL.S.S.)
theory (15) .for.the stopping of heavy ions in an amorphous .substrate.
The density distribution predicted by the L.S.S. theory depends upon
the energy of the incident ion, its mass, the total dose and the mass
of the substrate atom. Other ions either impinge on,or are deflected
into,paths that do lie along a low index crystallographic direction.
These ions are steered. or channeled along that direction. This results
‘in reduced energy .loss of.thesé ions and a corresponding deeper penetra-
tion. In the density distribution, a second peak at a greater depth
indicates the channeled ions. In moét cases, however, “the channeled :
ions, tend to escape from the channel as the result of collisiens with
imperfections: and the distribution is dispersed. .
When the ion comes to rest, it may occupy any oﬁe of several posis "
tions in the lattice. These include substitutional sites, regular iriter-
stitial sites, non-regular interstitial sites, orprecipitation sites.: The
type of site is of importance to the subsequent-behavior of 'the ion,.both
during the remainder of the implant and the subsequent annealing -cycle.
The. type of site’éccupied'also determines the. electrical behavior of an

ion. The distribution of the ions among the possible lattice sites can



be strongly influenced by all the implant conditions, including the
incident -ion species and energy, substrate composition, temperature,
crystal structure and orientation of the beam with.respect to the
.substrate. This-distribution of-the ions among the possible lattice
sites is closely related to the type and spatial distribution of.the
disorder which the ions produce as they.lose their energy te the. lattice.
A typical example of such a situation is in thaliium—implanted silicon
at 450°C (19). After a room temperature implant,30% of the implanted
atoms were on regular interstitial sites and another 30% on substitu-
tional sites. The authors (19) have measured only 60% of the total
implanted atoms and nothing is mentioned about the remaining 40% . Upon
annealing,the substitutional component decreased and the interstitial
level showed a corresponding increase, indicating that the substitutional
atoms were moving to interstitial sites. Finally, at high annealing

- temperatures, the interstitial level decreased as the implanted ions
moved to non-regular lattice sites, such as precipitation centers.

The maximum substrate temperatures encountered.in ion implantation
arelcomparatively.low. However, diffusion plays an important role in
détermining the eventual distribution of the implanted. ions after high
temperature anneals,iwhich are almost always necessary to remove
radiation damage. During implantation diffusion of the implanted atoms
can also occur,.and can be enhanced by the presence of lattice vacancles,.
substrate interstitials, and dopant intgpstitiéls which are present in
much.higher: concentrations than in the case of thepmaliequilibrium (8).
DuringAsﬁbsequent annealing, enhanced diffusion can take place. The

annealing of the disordered regions can release vacancies, substrate



interstitials, and dopant interstitials maintaining concentrations that

are again much greater than-those which would result in thermal equili-

brium. This diffusion results in a "spreading out" of the distribution
and can.lead to the movement of junctions and loss of dopant ions.to the
surface.or to precipitation sites. At sufficiently high annealing
temperatures, thermal equilibrium is approached and the influence of the
solid solubility can become apparent.

Thus, the electrical behavior of an implanted layer is affected by

a number of factors. Ion implantation of silicon and germanium have

been studied rather extensively by several authors (1, 13, 17) especially

‘by:Davis et. al. (6) at the Chalk River Laboratories. Several types of

measurement  techniques have been used to study the behavior of the

implanted species. Some of these techniques are:

1. Rutherford scattering studies.. This involves the studying of the
orientation dependence of thé back scattering yield of approximately
1.0 MeV helium ions. This gives an idea of the lattice disorder
produced and the location of the implanted ions.

2, Radio Tracer method. In this method the target is Implanted with
radicactive ions. Then the deﬁth distribution of the embedded radio-
activity is detérmined by removing a series of thin uniform layers
from the surface of the substrate, and measuring the residual activ-
ity after each layer removal. This gives the implanted profile .of the
atomic species and not the electrically active centers.

3. Hall-Effect and sheet-resistivity measurements: These measurements
combined with .layer removal techniques are used in determining the

effective surface carrier concentration, the effective mobility, and.



the implanted profile. The temperature dependence of the same.
parameters sheds more light on the nature of the transport
properties.

4. Capacitance-Voltage characteristics. The capacitapcéjvoltage
characteristics of surface barriers formed on donor. implanted
nftype material or acceptor implanted p-type material determines-
the profile.of the active centers.

5. Diode studies. By compound.implantations diodes are formed. Their
voltage-current characteristics and optical luminescence character-
istics, if applicable, are sfﬁdiedf By-angle.éeétioning and stain-
ing techniques‘the measurement of the junction depth‘is made for
different doses which enables one to determine the profile and
electrical nature.of the_implapted atom.

Pnesentiy,implanted layers in III-V compound semiconductors are. not:
nearly as well characterized as those in silicon gnd:germanium. The
III-V compound semiconductors have efficient laser and electrolumisescent
properties as well a; other desirable properties for device applications.
Before characterizipg the properties-of implanted layers. for such
applications the, substfate system itself should be well—charac{erized
and understood. Among tbe cqmpound,éemi conductors,'gallium-arsenide
is probably thé_ﬁost_thbrqughly investigated material and should offer
a desirable substrate for studying ion i'mplantatiqn_ as -a doping
process in III-V compound semiconductors.

The aim of this thesis‘is_to study the electrical properties of
the p-type layer produced in semi—insulating gallium-arsenide by the

implantation of zinc ions. Doping gallium-arsenide by thermal diffusion



is complicated., The substrate and the dopant have to be encapsulated
in a spectrosil quartz tube and they have to be maintained in different
temperature zones. Special care must be taken to reduce afsenic loss.,
Ion implantation doping overcomes many of the difficulties of thermal
diffusion and is an elegant method of doping gallium-arsenide. Among
the five techniques pfevioﬁsly described to study the nature of the
implanted layer or device, only -the resistivity and Hall-effect measure-
ments reveal the bulk electrical properties. Hence, this method was
chosen, The sheet-resistivity and Hall-effect measurements at room
temperature were made to determine the annealing characteristics of the
zinc implanted gallium-arsenide. These measurements as a function of
temperature revealed the nature of the carriers and the same measure-

ments;combined with etching of thin layers yielded a rough estimate of

the, post annealed profile-of active centers.



CHAPTER II
2. REVIEW OF LITERATURE

2.1 Implanted Layers.in Low-Resistivity
Gallium=-Arsenide. '

Gallium-arsenide is probably the most widely sfudied and well-
characterized of the compound semiconductors. Presently, most.of the
studies of the properties of ion implanted layers in galliquarsenide
have been made using low resistivity substrates (4, 7, 9, 10,.11, 12,
16, 18, 20 and 29). These studies can be classified into radiation
. damage and bulk electrical properties studies. The preferences cited
.are not all .inclusive. However, they do give an.idea of the present
state of affairs for impléntations into low resistivity gallium-arsenide
substrates.

Extensive radiation damage studies have been done by 0. J. Marsh
et, al. (17) and T. E._Westmorel;nd.et; al. (29). They have investi-
gated the lattice disorder .produced in gallium-arsenide by 60 KeV
cadmium and 70 KeV~zinc.ion implantations. Rutherford back scattering
- studies of 1:0 MeV helium ion beams were conducted in order to establish
the.relative amounts .of lattice disorder present in-samples and for
identifying the location of the implanted ions.. The back scattering
studies with the helium ion beam were found to be time consuming. The
critical alignment of the sample with the analysis beam was\found to be
an _especially difficult and. time consuming problem. In order to do a
rapid . qualitative analysis two methods were employed. One used a.scan-
- ning electron microscope and. the other a spectrophotometer. The. scan-

~ ning electron microscope was .used.to display the secondary (or back



gscattered) electron intensity as a function of the angle of incidence
of the electron beam on a single crystal surface (17). The patterns
obtained are similar to Kikuchi diffraction patterns. The quality‘of
the Coates-Kikuchi patterns is sensitive to any chemical or physical
process which tend to disturb the periodicity of the first few hundred
angstroms of the crystal surface. The intensity patterns from the
implanted substrate and the unimplanted substrate were compared, and
the change in. the intensity was taken as a measure of . the damage produced
due to implantation. In a similar manner reflectance measurements
were made with a doﬁble beam speétrophotometer using a specular
reflectance attachment. The fractional change in the intensity at the
reflectance peak (2&502) was taken as the measure of damage.

The results of the radiation damage studies by 0., J. Marsh e;: al.
.(17) and J. E. Westmoreland et. al. (29) are summarized as follows.
There was no apparent difference between the anneal behavior of éinc and
cadmium implants. The émount of discorder produced increased linéarly
with dose and saturated at a dose of approximately 1-2 x lO13 cadmium
/cm2. ' The disorder present in low dose implants (v 5 x lO12 /cm2)
annealed appreciably by 150°C. With increasing doses of zinc or cadmium
the samples showed a continuous increase in the anneal temperature
required to remove a substantial amount of lattice disorder.. For a
1 x.lO15 /cm2 dose more than 450°C annealing for 10 minutes.was required.
The correcpondence between the three previously mentioned methods was
acceptable.

Carter et. al. (4) have investigated the anneal behavior of

tellurium implanted gallium-arsenide at 40 KeV. According to



> tellurium /cm2 disordered the material

their studies a dose of 1 x 10
to the saturation level and a 500°C anneal was required to completely
remove the damage.

0. J. Marsh et. al. have done extensive ion implantation studies
in gallium-aréenide and have summarized their results (8, 17, 18), apart
from several of their.publications (10, 11, 12, 20, and 29). .They have
described the electrical properties of zinc, cadmium, tellurium and sul-
'fur»ions‘implanted at 400°C substrate temperature (9; 18) and room -temp-
erature implantations of carbon, sulfur and zinc ions (17, 18).. -In.all
-these implantations the substrate used was n- or p~ type, depending on
the implantatioﬂ species, having doping levels of about lOlL’L -lOlG/Cma.
Zinc and cadmium implants produced p- type layers while sulfur, tellurium
and selenium resulted in n- type layers. Since zinc implanted into semi-
insulating'gallium—arsenide is studied in this thesis, the work and
results on zinec, in particular, is summarized below.

A number of low resistivity (1 ohm-cm) n- type gallium-arsenide
samples were implanted with zinc ions at various fluence levels from

16 /cm2. For 20 KeV implantations three different’

1x 1013 /cm2 to 1 x 10
substrate temperatures of 500°C, 400°C and room temperature were main-
tained (11, 17). Also, 70 KeV implantations were made at 400°C and an
85 KeV implantation was made at room temperature (17, 10). In the

85 KeV and 70 KeV implants no p- type layer was formed until the samples
were annealed to a high temperature (600°C for ion dose < lolg/cm2,5000C

for ion dose > 1015/cm2). However, the 20 KeV implants showed a p- type

layer as implanted at 400°C or when annealed at 3Q0°C . for the room-
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temperature implants. The annealing behavior of a 20 KeV zinc implant at
400°C with a lOls/cm2 dose is reproduced in Figure 2.1. Figure 2.2.
gives the sheet resiétivity behavior of different doses of 20 KeV zinc
implant at room temperature. The authors report that the data points
for mobility and carrier concentration are widely scattered except for
alx 1016/cm2 dose.

From Figure 2.1. the effect of 10 minute annealings from 500°C
. to 900°C on a 20 KeV zinc implant made at #00°C is noted. Belsw 700°C
the sheet resistivity decreased monotonically as a result .of increasing
mobility., Above 700°C the decrease was a result of increasing carrier
concentration., In the temperature range below 700°C the surface carrier
concentration first increased and then decreased somewhat with further
annealing. The increase was thought. to result from implanted ions moving
to electrically active substitutional positions in the lattice. The
" decrease was.not well understood and has been attributed to a number of
possible causes., Compenéation by defect centers. which are released
when damage clusters dissociate upon annealing and the variation of
mobility with depth were attributed as the cause for the decrease in
surface carrier concentration. The p-type layers obtained by 70 KeV zinc’
implants at 400°C were thbught to be superior in electrical qualityicom—
pared to the layers produced by the 20 KeV implant (18). For example,
when annealed at 600°C for 2 minutes, a 70 KeV implant ﬁ;de at 400°C pro-
duced a layer with ps=598 ohm/sq, u=45+8 ch/V—sec, and Ns;2'28 X 1014,
/cm2. The corresponding values for a 20 KeV implanted sample wére‘PS=3100

ohm/sq, p=13.5 cm2/V—sec and Ns= 1.05 x lOlu/ch. The increased
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mobility and reduced sheet resistivity of the 70 KeV implanted
layer was attributed to the fact that most of the dopant ions were
located deep within the semiconductor crystal and were. thus less.
affected by surface defects. Measurement was made on only one.
_sample to locate the junction by differential weight measurements
using aislow etch, It was fcuna that the major part .of the implanted
layer was less than,0<lp deep in a 20 KéV.implanted sample after
10 minute annealing at 600°C. Diodes produced by zinc implantation
into n- type substrates exhibited good réctification characteristics
with an.unusually low leakage current of lO—BA at 10 V revérse biag
at room temperature. The electroluminescent spectrum of these
diodes ‘contained an emission peak which appeared to be assoéiated with
vacancy complexesyas well as a band emission peak.

Many workers have studied the electrical properties of elements - °
other than zinc implanted into gallium-arsenide. The behavior of cad-
mitm,. sulfur, tin and selenium implants into low resisiivity galiium-
arsenide are summarized below.

The cadmium implants -behaved in a similar manner to zinc implants
~ except that the mobility of the cadmium implanted layer decréased gfxer

800°C annealing. ;This was attributed to the low diffusion coefficient
of cadmium compared to zinc. The main difference between. cadmium and

zipc~waé.the enhanced posteimplantation anneéling diffusion. = Cadmium
implanted samples required relatively higher anneéling temperatures:
compared té zin¢ implanted samples to achieve equivalent values of sﬂeet
resistivity and mobilities (18).

Sulfur implants into p-type substrates (12) behaved in a very .
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similar manner to zinc implants. There was considerable diffusion '
during annealing at_bigh temperatures. The samples were ﬁ—type even
before annealing. - Tiqrimélantations by the same authors failed to show
an -~ n- type -layer even after l6-hours.of annealing.

Foyt.et. al. (7) have reported the most efficient implantation

of selenium ions into p- type substrates.’ The efficiency of implanta-

tion @efined as the ratio of total implanted atoms to electrically

’
/

active atoms)is reported as 50%. Mobility values of 1500 - 2000

lg/cm3 are reported for

ch/V—sec and carrier concentrations of 1 x 10
the selenium implantation.

2.2 Implanted Layers in Semi-insulating
Gallium-Arsenide

Most. of the above studies have been made using low resistivity
»gall%umearsenide, There are relatively few studies available which
have been made using semi-insulating gallium-arsenide. Sansbury
_and Gibbons (24,25) have reported that silicon and sulfur behaved.
as donors and that carbon behaved.as.an,acceptor when implanted into
chromidm-doped semi-insulating gallium-arsenide. The substrate used
had approximately'lol6 donors/cm3 introduced during .growth. Chromium
'is present.to a likely concentration of around 5 x lOls/cm3 and can
be modeled as a deep acceptor approximatel& 0.79 eV from the conduc-
tion band. These deep lying acceptors compensate the donors which are
almost eQuél in number. The resulting resistivity was lO8 ohm-cm,
With sample thicknesses of‘iess than 500y, this implies a sheet resistiv-
ity of 2 - 4 x 10? ohm/square. The ion energies used were combinations

2

in the fange'of 10 to 70 KeV with doses between 1012/cm2'to 10}6/cm>.

Before annealing the resistivity of the implanted. layers. were consider- .
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ably below the substrate value;'typically 105 ohm/square. - This
conductivity was presumed due to radiation damage. Hall-voltage
measurements were not possible‘until after the samples were annealed
at 550°C. The sheet resistivity increased with annealing and
approached its maximum value for annealing temperatures between

400°C and 500°C. The maximum sheet resistivity was within.an order
of the substrate sheet resistivity. A significant annealing stage
.was found to occur at 600°C which considerably increased the mobility
and carrier concen"cration° The mebility monotomically increased up to
650°C and then saturated. The carrier concentration steadily
increased up to 750°C., A further increase in anneal temperature
produced different effects in different samples. After a 700°C anneal,
" the electrical properties were.comparable to those in bulk gallium-
arsenide. For silicon implants,mobility values. of 2700 cm2/volt—sec,
and for sulfur,mobility values of 3600 cm2/volt—sec,are reported. For
the p-type carbon.implanted layers mobility walues of 240 to

360 cm2/volt—sec were noted. A doping efficiency of 11% for siliéon
and 2% for carbon were noted while sulfur showed only 3% or less.,

A chemical etching technique in conjunction with differential
Hall-effect measurements has been used by the authors (24,25) to obtain
the first accurate profiles for the implanted layers in gallium-.
arsenide. In the case of sulfur, a damage-enhanced diffusion has been
observed to occur during annealing.

Carbon and sulfur are the only two dopants which could be comparéd'"
for their'éléctrical activity in low re;istivity gailium—arsenide sub-

strates and semi-insulating gallium-arsenide substrates. The



e
~studies on carbon implants by O. J. Marsh et. al. (18) requires
further work before any conclusions can be obtained. They haVeAaséﬁméd":p
that carbon in doped gallium-arsenide is electrically néutralﬂ_'Sulfﬁhﬁ;
implants in semi-insulating gallium-arsenide can be considered .ji“'tqf"
superior, at least as far as mobility .values are concerned. The"
mobility values in low resistivity substrate implantations were'aBOQt‘ '
1740 cm2/volt—sec while. implants into semi-insulating gallium—aréénidé'fﬁ'flA
yielded mobility values around 3600 cm2/volt—sec. |

In this thesis the properties of zinc implanted into chromium v;-'
doped semi-insulating gallium-arsenide are presented. This is fhe”;iﬁ;“-fi'i w
first time that such data are reported. The results are Similaf.fb;?;:;i?i:”

those discussed in the preceding paragraphs for zinc implants ihtO]i"”

. n-type gallium-arsenide. A layer removal technique'along;withfdiffqgé?-?Zﬂ

‘ential Hall-effect and sheet resistivity measureménts.has‘beéﬁ*hééd}tozﬂ

obtain an approximate profile for a sample implanted to . a dose ofl; f '
1lx lOlS/cmz and the temperature dependence of resistivity‘andﬂﬂ=:ffL”fﬂg-jffi:

.moBility are also studied. The data to be bresented sheds méﬁe:light$}me

on the transport properties of -these implanted layers.-
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CHAPTER III

3. EXPERIMENTAL PROCEDURE

3.1 Hall-Effect and Sheet Resistivity Measurements

Several technigues and sample configurations. have been used for
the measurement of Hall-effect and sheet resistivity of semiconductor;_-
materials (22). Van der Pauw (28) has discussed a method for the
combined measurement of Hall-Voltage ana resistivity which in principle

.can be made on a sample of any shape, provided that the sample is |
homogeneous, uniform in thickness, and small contacts can be made on
, ?be periphery of the: sample.

| The Van der Pauw method can be conveniently used for the Hall- :
voltage and sheet resistivity measurements of an implanted layer,. Hoﬁ?
ever, if the electrical measurements are to be representative of the w
ien implanted layer, tﬁe layer should be electriéally isolated from fhéf

.bulk of the substrate. Many people (10, 17, 20) have used a rgverée_(

biased p-n junction for such isolation. However, in the present_expéri- -

ments the semi-insulating gallium-arsenide substrate: had.resistivitieé”
- of the order of 10® chm-cm and thus acts as an effective electrical
isolator.

Figure 3.1.. (a) shows the configuration of the sample used. FOr }
determining the Hall-voltage a cgrrenf‘ila is passed between two
opposite contacts and a measurement is made of the voltage éhange
AV24 occurring BetWeen the other two cqntéct pairs when a magnetic

induction B is applied normal to thé_sample surface. The sheet

Hall-coefficient Rug is given by
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Dewar Board
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Figure 3. 1. Details of sample contacts and sample mounting on
E cold-finger of the dewar.
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8 2 -1.
RHS = 10 = AV2u/B X Il3 cm~ coulomb 3.l.~

where B is in gauss
The. sheet resistivity Pq is obtained from the potential difference
occurring between two adjacent contacts 'when a current is passed
between the other two contacts. For .a symmetrical contact pattern the

sheet resistivity is given by

m Vsu
ps = T TI;— ohms /square 3'2,

.When‘thevpattehn is not symmetrical, as in all of the samples used,
a geometrical correction factor is required and the sheet resistivity. .

is given by

P = Tnz (Ry + Ry) £(Ry, R,) 3.3
where Ry = Vg, /1., 3 Ry = Vi /13
. Here f(Rl’ R2) is the geometrical correction factor. This value was

taken from Van der Pauw's paper (28). The spacing of contacts is not
critical as the,iﬁplanted layer depth is.always. very small compared to
the spacing. .

The Hall-effect is.not the only source.of the voltage change
observed between the probes. Other galvanomagnetic effects, namely
the Nerst, Righi - Leduc, and Ettingshausen effects, can all contributé
to the voltage change. If thermal gradients are present they can.
.contribqtexconsiderable thermoelectric. voltages. In addition ,,Affset .
voltages'will exist between probes. All these effects, except for the

Ettingshausen effect, can be eliminated by determining AV for the two
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polarities of current and magnetic field. The sheet Hall-coefficient. is"

then giveniby

v, (I+, B+) Vv, (I-,B+) Vv, (I+,B-)
RHS‘ = 2.5 x 107 [ 24 + 24 _ 24
1 AVS(,I+,B+) ‘ VS(I-,B+) .VS(I—,,B+)
V., (I-, B-) R
24 ? s 2 -1
- v—s—(—I—;—’—B—_—)- J X E— cm~ coulomb 3.4

Here B is in gauss and Rs is in ohms, while V24(1+,B+) is the wvolt-
age measured between contacts 2 and 4 when the current is passed from
contact 1 to contact 3 and a forward magnetic induction is applied..

Also V,, (I-, B-) is the voltage measured with the current and magnetic

24
field reversed. Similarly V24(I+,‘B—) is thexvoltage meésured with iny
the magnetic field reversed, while VQH(I_’ B+) indicates the volﬁage
measured withvthg current-direction reversed. R_ is the standard
resistance acros; which the vo}tagegvs is measgred. In a similap manner,

R is calculated from V.. the voltage measured between contacts 3'andb

HS2 13

1 when the current is flowing between contacts 2 and 4 and the magnetic
inductién is applied. The Hall-coefficient is then averaged between.
these readings.

In the ;ame manner the sheet resistivity is also determined by
paésing the current in two different directioné and the sheet résistivity
is given b&- | | |

T X R_ox f V34(1+> + V,,(I+) V3u(I;) + v, (I-)

L2 41

Ps1 = 7T & In2 L v_(TH) * v_(1-) ] 3:5

Vs is measured across the standard resistance RS. Again f is the
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geometrical correction factor obtained as explained above. -In a
similar manner Pes is calculated and the sheet resistivity is taken
as .the average of these two results. If the conductivity mobility

-is assumed to be equal to the Hall-mobility then the surface carrier

concentration (ns) can be calculated from a measurement of_ps and

“H. The following formulae are used:

= ﬁﬁE— cmz/volt—sec and n- = / cm2" 3.6
s . S . e¥gPg '

My

.The value of e;gthe charge of an éleb%ron, is 1+6 x_lO_lg coulombs.
The thermoelectric power is assumed to be negligible. It is also.
assumed that the implanted layer is isotropic. However, not all
transport properties need be isotropic. One example is the magneto-

resistance. This was calculated and found to be negligible.

The Hall-effect and resistivity measurements were taken in vacuum.

in a cryostat system similar to that described by Johansson and"Méyeé
(12). To minimize the leakage current éll'leads were enclosed in.
individual teflon tubing and shielded by copper braided tubing. No;se' 
pick up, which was a severe problem due to the high resistance of the
sample, was reduced by floating j:he system and by havingl fhe system
~ground.only at the electrometer. The insulation resistance of the
system at various stages was checked from time to time and Was-kepf.
well abov,e(loll ohm. The sample was alﬁgys'GQQered in the dewar so
that no spurlous reading was obtained by stray incident light. Smali
copper:sphéres soldered to phosphor bronze strips were plated with a
_gdld —'G:S%.zinc piating solution.. This was.:iyeted to. a circuit

board and the'phbsPhor;bronze-strips were used’ as pressure.QOntacfst
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This provided a satisfactory ohmic contact even to high resistivity
layers. Each time a sample was mounted the contacts were checked for
ohmicity by a curve tracer.

The sample was always cleaned in deionized water for a minimum
of five minutes to ensure a clean surface. Trichoroethylene and
methanol baths preceded this.. The sample was fixed to a saphire disc
with Apeizon wéxo ~The details of the sample mounting to the dewar
cold finger is given in Figure 3.1(b). Figure 3.2 gives tﬂe details of
the electrical connections. A Keithley model 625 constant current
source was used along with a Keithley model 225 nanovolt - d.c.
amplifier and a Doric integrating digital voltmeter as a read out
dévice. When the sample resistance exceeded the input impedence level
of the nanovoltmeter a Keithley 602 electrometer was used as the
voltage measuring device followed by the digital voltmeter.

To ensure the reliability of the system a p- type galliﬁm-
arsenide sample whose specifications are given by the manufacturer was
measured and the results are shown in table 3.1. The linearity of the
Hall-effect was checked by varying the field up to 16 kilogauss fqr
various .current values. The result is shown in Figure 3.3,

During the low temperature measurements the dewar was evacuated
by a diffusion pumped vacuum system to pressures about 5 x 10_5 torr.
A proportional temperature controller was used to maintain the tempera-
ture at anyAintermediafe value between liquid nitrogen and room
temperature. Four half watt 40 ohm resisﬁors were used to heat the
cold finger. The sample, cold finger,.aﬂd the heating resistors
were all in good thermal contact. Heat radiation from the sample

was reduced by wrapping the entire sample with a brass strip in contact
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TABLE 3.1. Compariscn of the measured and
specified values of a standard sample.

‘ Property Measured Manufacturer's
P Values Specificatioén
~ Resistivity 0.209 chm-cm 0.34% - 0.19 ohm-cm
Mobility 261,cm2/v01trsec 1266-240 cm2/volt-sec
Carrier- 17, 3 16 3
Concentrations 1+145 x 107 /cm 9 x 10714 x 10/cm
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Figure 3.3. Graph showing the linearity of the Hall-effect
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with the cold finger. . Temperature stability was normally obtained
within ten minutes, However, twenty minutes were allowed between two
temperature settings.

3.2 Sample Implantation and Annealing

The samples were prepared from commercially available <111>
oriented gallium-arsenide Qafers approximately .20 mils thick.
The samples were high resistivity semi-insulating gallium-arsenide
compensated by chromium doping. The ion implantation has been performed
in NASA Langley Research Centgvaaboratories_using a magnetically
separated beam at 60 KeV., The substrate has been kept at room
temperature during implantation. The implantation was done in a
random direction, and no special care was taken to orient the sample.
with respect to the ion beam. Small samples were diced from thé large
implanted wafers and used for measurements:. The samples were annealed
inside a quartz tube with nitrogen flow for a period. of 30 minutes in i
all cases.

The two major pr§blems associated with the annealing of ion"
implanted gallium-arsenide are out-diffusion of the implanted zinc
and the decomposition of. the gallium-arsenide above 650°C, The
outdiffusing of zinc was indicated by the fact that the implanted
depth is shallow, less than 10003; and zinc has a high diffusion coef-
ficient in_géllinm—arsenide. Hunsperger et. al. (8, 10) have.
suggested covering the implaﬁted sample with.gpother-gallium-arsenide
sample as a simple alternative to the usual:arsénic'charged ampoule
. method of‘annealipg. The same group of authors (18) have pointed out

to support the out-diffusion theory, that the cover gallium-arsenide



27

wafer did become p- type, even though they were not implanted. 1In
- this case the use of a cover gallium-arsenide wafer as-the only
means .of protection is questionable at elevated temperatures. above
600°C.

A more reliable surface protection has.been used by the same
authofs (17) by having a thin film of silicon-dioxide (Si02) deposited
over the implanted region. This serves th; purpose of a diffusion
barrier (18). The silicon-dioxide film can be obtained either by
sputter deposition or by chemical reaction of tetraethyl—ortho—silicate.:
These are time consuming processes.

In the present experiments, a new coating technique was used in
which the silicon-dioxide film was obtained using a photo-resist type
spinner. The coating material is a low viscosity alecoholic solution
(manufactured by Emulsitone. Co., Livingston, N. J.) which forms hydrous
silicon dioxide when applied in air. This layer was baked at 200°C for
10 minutes and during the earlier part of the experiments. the baking was
done in air. Later it was done under a.low'vaquuﬁ of lO-ltorr.l The
silicon-dioxide layer was 6btained'by spinning. the sample at 4000 RPM
for 20 sec. A film of approximately 2000 Z was .obtained.. However, a
few samples:had to be discarded after 800°C annealing because the film
separated from the,galliqm-arsenide and formed small bubbles under which
decomposition occurred.
| A sample implanted to a dose of 3 x lOls/cm2 was annealed in steps
of 100°C up to 800°C. At each stage the sample was. protected by
sandwiching between twe unimplanted semi~insulating gallium-arsenide

wafers. At high temperatures, the partial pressure of arsenic from
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the wafer above and below is. expected to give protection to the
implanted sample. The mobility at different annealing temperatures
of this sample is compared with the standard SiO2.protected sample
having the same implantation dose in Figure 3.4. It is evident
that the sandwiching tééhnique does ﬁot prevent decomposition above

-500°C, All the subsequent samples were protected only by sio, layers.

2

3.3 Layer Removal Measurements

The interpretation of Hall-effect and resistivity measurements
on implanted samples is influenced by the fact that both carrier
concentration and mobility are depth dependent. The values obtained

by using equation 3.6 are only wéighted averages. When both the

carrier concentration and the mobility are functions of depth, differen- -

tial measurement with thin layer removal is required. As derived and
explained in Appendix - 1, the mobility and carrier concentration at

a perpendicular distance x from the surface is given by

2
d(RHSOS ) dcs
dn

“h(X) = T 3.7

u, (%) do 2 d (RH o)

- h s S's
e Ywm? ) T 3.8

These assume accurate measurement of the thickness removed. Several
methods of removing a.thin layer were tried. They include chemical
etchihg and anodic stripping. In all cases either the etch rate was
too rapid or there was preferential etching of A or B face of the
single crystal. J. D. Sansbury.and J. F. Gibbons (25) have success-
fully used an etchant consisting of stoq : H,0 : H,0 in the ratio A:"

272 2
(o]
of 1L : 1 : 100 and have reported an etch rate of 300 v 450 A per
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minute. The etchant does not deteriorate.for several hours. In
the present experiments an etchant of the same compdsition was used
and the thickness of layer removed was calculate&‘under the asgump;»
tion of an etch rate of 400 X per minute. After each etching, the ft
sample was cleaned in deionized water for at least five minutes,
dried, and then Hall-effect and sheet resistivity measurements were
made.

The results obtained by these measurements are presentedAin
subsequent graphs and the conclusions drawn are discussed intﬁeAnextj,

chapter.
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CHAPTER IV
4. RESULTS AND,DISCUSSIONS

The results of various éxperiments.afe given;ih'the form of
eight graphs in this section. The conclusions that could bé drawn,-'f :
froﬁ fhem are discussed and summarized.,.

Six different doses of 1 x 10°2/cm’, 1 x 10%%/cn?, a.x 10%%/cm?, "
1x lolulcmz; 3 x lolg/cm? and 1 x l’Ols/cm2 zinc ionéiﬁere.implante& _'-'
at 60 KeV ét~roomﬂtemperature. .Each -of these samples were annealedf;;fjf;'fﬁ;57

in a nitrogen atmosphere at 200°C, 400°C, 600°C and 800°C for 30

minutes. After each annealing the sheet resistivity and Halléeffecf.{;,.
~ measurements ‘were made by the Van der Pduw method. The sheet

resistivity dependence on temperaturé, from liquid nitrogen temperé;ﬁ
ture to room temperature after each annealiqg, was measured on a
1lx lolu/ch sample. After chemically etching thin layers froé a
1x lOlslch sample, sheet resistivity and Hall gffecf méasuremehts-
'Were made. These data were used to obtain the-mobility and nef;
carrier concentration profile of the 1 x lols/cm2 implantation.

' The results are in the subsequent sectiens.

4,1 Effective Surface Concentration Behavior

The effective surface concentration in each case was determined;;~‘35 
using the sheet resistivity and Hall-mobility values, assuming that
the Hall and conductivity mobilities are equal. Figure 4.l. showé-tbe'
'effective supfaée concentration as a function of the annealing tempépé-.
_ture for each implantation -dose. The same data is replotted in
Figure U4.2. to represent the implanted concentration and the final ~

. active concentration after each annealing. It is observed that up t¢
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a dose of lolu/cm2 there is nearly a l:1 correspondence of ‘the. active
ions and the implanted dose. Above this dose, the effective surface
concentration after 800°C annealing saturates around 5 x lOlB/cm2 and is
nearly independent of the implantation dose. Similar saturating effects
in low-resistivity gallium-arsenide have been observed by Marsh et. al.
(17) for.cadmium implantations.

Several possible explanations have been given to justify the .low
activity at high implantation doses. Insufficient annealing time could
be one possible reason. In the present case all samples have been
annealed for 30 minutes. Marsh et. al. (18) have given the annealing
characteristics of zinc implanted diodes in low resistivity.ga;iium—arse—‘
nide and have shown that most of the annealing occurred in the first six
minutes and that the subsequent 30 minutes of annealing had little-ef-
fect. Basea on the above results, it is expected that annealing will be
compléte in 30_minutes. However, this was not experimentally confirmed
for the present implantations in semi-insulating gallium arsenide.

In mény cases, the saturation effect is attributed to the solid
solubility limit of the impurity in the given substrate (12). The solu-
bility limit of zinc in gallium-arsenide at 800°C is 1.6 x lOQO/cm3 as’
given by Chang (5). Considering a 3 x‘lol%/ch implant and assuming
that the maximum concentration reached is limited by the solid solubil-
ity, the corresponding range straggling is calculated to be ulz. For a
60 KeV zinc implant into gallium-arsenide, the range straggling is
around 1142 (14). The minimum range straggling is about half of the
theofetical value. From this we cannot conclusively conclude that the

saturation effect is not due to the solid solubility. The actual range
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and straggling were not measured.

Baron .et. al. (1) have suggested that, due to the dissociation of
radiation damage complexes, compensating centers could be formed. The
nature .of these complexes are not known. These authors have suggested a
model in which the defect centers act as acceptors compensating the bis-
muth implanted in silicon (1). Sansbury et. al., (25) have feported
such radiation defect centers and their enhanced diffusion during subse-
quent annealing for sulfur implanted in gallium-arsenide. It is
‘believed that in the present case the low effective concentration of
zinc at high doses is caused by defect centers. These defect centers
could be either donors or acceptor type complexes. This will be dis-

cussed in more detail in Section 4.3,

- b.,2° ‘Hall Mobility Behavior

The Hall-mobility is directly related to the magnitude of the Hall-
voltage and the resistivity of the sample. The mobility of the
unannealed sample could vary be a factor of two due to the very low.
Hall-voltage. Similarly, the values after the 400°C anneal could have
about 50% error for doses less than lolu/ch due to the noise of the
system at resistivities above lO8 ohms per sguare.

In Figure 4.3, ‘the recovery of mobility with annealing temperature
is noted. There was a large increase up to 400°C and the mobility satu-
rated for 600°C and 8QQ°C annealing except for the lOlz/ch‘dose. After

' 800°C annealing typical mobilities of about 50 ch/VOlt_l sec™ T to

125 ch/volt-]"'s-ec—l were attained. The only published values of mobil-

ity in semi-insulating gallium-arsenide are those of Hunsperger
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temperatures for various implantation dose.
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et. al. (12) for a room temperature zinc implantation.at 20 KeV.
These workers report that the data points were scattered and no

reading was possible up to 300°C annealing. However, for a

1x lOls/cm2 dose, a mobility of 20 cm2 vol‘c_l sec"l is reported
after 600°C annealing. There is only one case (11l) where after

900°C a mobility.of 100-125 cm2'vol1:“l sec_l is reported.

The mobility values for a 1012/cm2 dose decreased with
annealing temperature. Moreover, contrary.to the expected high
mobility due.to the smaller doping level, the maximumvmobility_of
only- 25 cm2 volt_l sec_l was obtained after 400°C annealing.

‘ From the sheet resistivity behavior it is concluded that the
implantation dose level should be at least 1 x_lO;s/chZto overcome
‘the influence of the chromium atoms in the substrate. The very low
mobility Ffor the 1012/cm2 dose strengthens the conclusion that the
‘chromium atoms of the substrate influences the properties below a dose

2

~of lOls/cm "and this restricts attaining carrier concentrations.

below 1 x lOl7 cm_3 in semi-insulating gallium-arsenide by ion
implantation.

The mobilities are shown as a function of the final'measuréd
surface carrier concentration in Figure.i.h. 'Szé and Irvin's (27)
' ;expepimental data is given, along with a theoretical curve which
assumes’ that ionized impurity scattering and lattice scattering are
the only mechanisms affecting mobility. The ipnized impurity
scattering is assumed to follow the Brook-Herring relation (2). . A
lattice mobility of 450Q chv--lsec:“l is assumed following Rosi et. al.»

(23). It is also assumed that the implanted layer is uniformly
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distributed over 1000 K to allow the plotting of the theoreticai
graph as a function of the surface concentration. The depth of the
implanted layer as megsured by the layer removal technique supports
this assumption of ldOQX‘

The data indicate that the mobility in the ion implanted layer
decreases as the carrier concentration increases, which is typical
of ionized impurity scattering. However, the mobility for 200°C and
400°C are much lower. than the theoretical value.

The temperature dependence of mobility and resistivity for a
1 x»lols/cm2 dose sample fro@ liquid nitpogen temperature to room
temperature is shown in Figure 4,5.‘ It is clearly seen that the mobil-
ity decreases with temperature at low temperatures and supports the
conclusion that the mobility is dominated by an ionized impurity scat- -
tering mechanism. The resistivity decreésed with increasing teméerature.

4.3 Effective Sheet Resistivity Behavior

The room temperature sheet resistivity annealing characteristics
are presented in Figure 4.6. Tﬁe sheet,resistivity_was measured as a
. funetion of temperature for a 1 x lolu/cm2 sample and the results are
given in Figure 4.7.

In the as implanted condition the sheet resistivity was independ-
ent of dose. Sansbury et. al. (25) have observed similar sheet
: resigtivities of almost equal magnitude in the as implanted condition
for different doses of silicon implanted at 50 KeV in semi—insulating
gallium-arsernide. Tbe 1= 1012/cm2 sample had higher sheet resisti?ity.
In this case probably the effect of the initial lattice damage is not

enough to overcome the compensating effect of the chromium-doped sub-
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strate.

The sheet resistivity increased up to 400°C, with annealing,
and then began decreasing rapidly for all doses below 3 x lolu/ch.

For a dose of 1 x lolé/ch the sheet resistivity decreased steadily.
Hunsperger et. al. (1ll) have reported the same kind of behavior for

a 20 KeV room temperature zinc implant. .Their results are reproduced
in Figure 2.2; It is seen there that for a dose of 1 x lOls/cm2 the
sheet resistivity steadily decreases with annealing temperature and

for the rest of the doses there is first an increase in the resistivity
and then a decrease. The results .of Sansbury et. al. (25) .for the
"silicon implant.in semi-insulating gallium-arsenide are of the same
nature as in Figure 4.6. The maximum sheet resistivity occurred
around 400°C. One sample with a 1 x lOls/cm2 dose was annealed at
400°C and 500°C. The sheet resistivity was lower after 500°C annealing
by a factor seven compared to the value at 400°C. Sansbury et. al.,
(24) have reported the maximum sheet resistivity occurring at 500°C

for one sample and 400°C for another sample of gallium-arsenide im-
planted with silicon.

For the annealing temperatures above 400°C there was a steady
decrease in sheet resistivity. The final sheef resistivity was between
5 x lO3 -1x lOL‘L ohms per square. The.sheet resistivity after 800°C
was independent of dose, except for the sample with a 1 x 1012/cm2 dose
which showed-a cpnsiderably higher resistivity of 4+6 x los‘ohms per
sq. It is believed that_the electrical activity of the implanted ions
is not sufficient to oyercdme the substrate doping properties and

hence the high sheet resistivity. Assuming the chromium doping to
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have a concentration of 5 x 1016/cm3, as assumed by Sansbury et. al.,

(24) and 100% activity of the implanted 1012/cm2 dose to a depth of
1000 X, gives an estimated surface resistivity of 6.1 x lO5 ohms
per square. This calculation assumes a mobility of 20 cm? voltfl
sec‘l. This number is.close to the measured value and indicates
that the substrate chromium doping plays a major role in limiting
the lower bound of the implantation dose. The implantation should

17 1 x 1018 active ions/cm3 to have

at least produce 5 x 10
electrical properties independent of the substrate. This could-
ceasily be achieved by a l x lols/cm2 ion dose implantation.

In attempting to give a possible explanation of the sheet
resistivity behavior with annealing temperature two models could be
considered. The initial increase»qf resistivity up. to 400°C and
then an aerpt decrease at 600°C annealing are to be explained.

Mayer et. al. (19) and Baron et. al. (1) have discussed a two
layer model with carrier concentrations and mobilities of Nl/cm3 ,
1 1

sec ! and N2/cm3 , U em® volt” sec—l, on the usually-

.2 -
ul, cm” volt 5

measured effective_sheet resistivity and effective Hall-mobility.
These measured quantities are weighted averages. The authors (19,1)
have shown that these Weighted-averages depend on the ul/u2 and.
Nl/NQAratios and are representativg of the layer having higher concen-
‘ trétion'or'mqbilitye In the same ﬁanner, in all of these ion
implanted samples one. can assume a heavily damaged First layer and a
~second layer of less damage. The second layer could be a channelled
tail. TFor annealing up to 400°C, the first amorphousvlayer has less

influence on the electrical properties because of its low mobility.
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“The tail anneals first and-fﬁe propertiéé measured are mostly
influenced by the tail distribgt%on. Since the concentration in the
tail is so low, higher resistivities result. Above 400°C annealing,
the first layer reorders and the zinc ions become active. Since the
Nl/NQ ratio is high above 400°C the properties measured are influenced
by this first layer where most of the implanted ions reside. This
gives a satisfactory explanation. for the sheet resistivity behavior.
However, when attempting to explain the lower number of active
impurities for higher dose, as seen earlier, this model fails to give
a reason.,

There is another possible explanation. The nature of the radia-
tion damage and the effect of subsequent annealing on it is quite com-
pléx. From the temperature dependence of resistivity the existence of
deep lying defect centers is postulated. These could be acceptor fype
vacancy complexes or donor type compensating centers. . This model using
defect centers could explain the resulting low activity of the
implanted atoms. A measurement of the temperature dependence of the
resistivity will reveal the_presenqe of the defect centers and. their
~activation energy can be estimated. For this purpose a 1 X lolu/cm2
sample has been used to study the temperature dependence of the
resistivity after each annealing up to 800°C. Figpre.u.7.gives the
results.

The ionization energy of zinc in gallium arsenide is 0.024 eV (27).
The variation shown in Figure 4.7.has ‘an activation energy of 0.26 eV.
This large difference in the observed activation energy and the

theoretical zinc acceptor activation energy is a definite indication
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of the ;deep lying defect centers. ‘As already stated, the nature of the
_implantation,damage.and the effect of the subsequent annealing is.quite
. complex. The deep lying level could behave as an acceptor or donor
level. As.explained later, the profile measurements strongly support.

| the action.of the defect centers as donors. In this case Appendix II

shows the temperature dependence of resistivity to be.

_ N E -E .
. E exp ( DKT‘ v ) 4.1
zZn v

¢
In equation 4.¥~N

4

D? the concentration of defects, and Nzn; the concenfra—'
tion of electrically activegzinciimpurities, are both functions of
annealing temperature. From the variation shown in Figure'&.7.it ié
obvious that ND has to increase faster.than-Nzn‘up to 400°C annealing
énd at higher annealing temperatures the electrically active zinc
impurity ceniters increases much faster.thaﬁ the defect centers. This
factor is not understood. o
The effective surfaée:resi;tivity as a function. of 1000/T°K shown
in Figure 4.7,shows a saturafion at low temperatures. Moreover, the
sheet resistivity changes by three orders of magnitude within about
60°C below room temperature. This is caused ppimarily by the drastic
change -in tbe'carrienPconcentration: The mobility change is cén;iﬁer#
ably less than an order of mégnitude. If we assume that the degect cen-
ters act-as donors, at low temperature P Nzn - ND = 1.4 x lOls/cmS.' At
room temperature p = thn - ND(l—f)] = 4,5 x lOls/cma, where f is the

fermi-dirac’ function evaluated at the donor energy. A rough, though not

exact, estimate gives the number of defect centers to be greater than
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9.5 » lOls/cm3° The number of defect centers is rather high. Baron
et: al (1) have reported the implantation of aluminum and bismuth in
. silicon and have suggested a model of compensating acceptor type defect
centers. Their results show the concentration of the defect centers
to be between 4 'x 10t /cm and 1 x 107 ,/cm~; The - concentration of
the defect centers obtained in the present experiments is of the
same magnitude as reported by Baron et. al.(l). Under the assumption.
that the defects. act as aonﬁr, the degree of compensation is very
close to tﬁe zinc acceptors. It is hard to believe that such a |
‘clos€ compensation is occurring. However, the profile'measurements.
can be explained only by a donor model. fhe measurements and
calculations of profile data.were repeated and confirmed. So the donor

model is chosen.

4.4 Profile Measurements

Extensive. profile measurements have not been attempted, though
they will give more information on-the properties of the implanted
layer. A profile estimate has-been made on one sample of 1 x lols/cm2
dose annealed at 800°C. The results are given in Figure 4.8. .As.
stated previously, no accurate measurement.of the thickness of the
etched layers has been done. The thickness is estimated purely_fnom
the assumed etch rate. Formulae derived in Appendix-I are used to
obtain the profile of mobility and the net active -acceptor density,
nI/cm3_ The profile of the effective su:face.cpncentration‘NS/ch.is
obtainéd‘directly'from the measuremgnts-uSing equation 3.6, These
three préfiles follow directly from the measured data and have no

‘ambiguity attached except that there is approximately a 20% error
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1020}

60 keV Zinc Implant
Room Temperature Substrate

1l x lO /cm ‘After 800°C Anneallng.

HALL MOBILITY (cm2/volt—sec)

CONCENTRATION /Cm?

L f 1 ! I 1 : ‘ |

0.2 0.4 0.6 0.8 1.0 1.2 1.5
DEPTH (Microns)

Flgure 4.8, Mob111t§ and different carrier concentration proflles of a
1x 105 /em? dosé-implant after 800°C annealing.
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due tc the uncertainty of the etch rate.

The mobility was very low in the first 500 X and increased to
values of 120 cm? voltflsec_l.deep in the implanted layers. The net
~active (acceptor) carrier density, nI/cms, profile had a long tail
and indicates that zinc has~diffused'to a depth of about 1°5u. This
1x lOls/ch implanted sample had an effective surface concentration
of 3 x lOlu/cm2 after 600°C annealing. Assuming this as a thin

limited source of zinc and a diffusion coefficient of 5.5 x lO-lo

cm2 sec'l(s), then from the measured surface concentration after 8§00°C

annealing, zinc should have diffused to a depth of approximately 30u
for the 30 minutes annealing. But the,meésured depth was only about
1.5u. Zine has a diffusion coefficient highly dependent on concen-
tration (5). As the diffusion proceeds from the implanted layer the
concentration.will decrease and result.in a decreased depth. This is
a possible reason for the low measured depth compared to the calculated
one. The projected range of 60 keV zinc .in gallium-arsenide:is about

. P
270 X (14) while the measured depth is- 1.5y, ‘Thié shows that diffusion
of zinc has to be taken'into .consideration while implanting.for any
desired profile and concentration.

If we assume that the carrier scattering is caused by both the
zinc acceptor impurities.and the defect centers which are partially
ionized at room temperature, the mobility profile can be used to
.estimate the total number of ionized centers. The profile named:
n(u)/cms is the profile of the total number of ionized centers.. The mo-
bility versus surface carrier concentration curve given in Figure 4.4,

has been used to obtain n(u) profile, assuming a layer thickness of
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While discussing the resistivity vs temperature dependence the deep
lying defect centers have been said to act as either a donor or an
acceptor. If we examine the hypothesis that the defect centers have the
effect of acceptors, then both n(ﬁ) and n(I) should almost coincide at
least deep in the layer. Because n(I), the total ionized impurity cen-
ters and n(I), the total ionized impurity centers and n(I), the total
acceptors, are both given by [Nzn + ND(l—f)]. In the present case the
results of the profile measurements show them to be more than an order
of magnitude apart. If we examine the hypothesi; of .donor centers com-
pensating the zinc impurity, the results of the profile measurements
could be explained:. The n(ﬁ) profile represents the total number of
ionized impurity centers i.e. [NZn + ND(l - £)]. While the n; profile
represents the net -active acceptors i.e. [NZn - ND(l - F)J]. Since the
two profiles represent the sum and difference of the zinc acceptors and
donor type defect centers they lie one above the other. The area under
n(ﬁ) represents 7.64 x lolu/me which is close to the initial implanted
dose i.e. 1 x lols/cm2. The total number of defects are 3:41 x lols/cm2
which is of the same order as reported by Baron et. al. (1).

'The results of the profile measurements support the model of com-
pensating donor defect centefS'as influencing the electrical properties.
Ho&ever, the. results of the profile measurements-have several short-
comings. First of all, the thickness etched has not been measured
accuratély° Secondly, the n(ﬂ) profile is directly deduced from the
mobility profile. The mobility values near the surface is low and there

could be many reasons for this. The presence of the surface could be
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one reason. Whether it is justifiable to conclude the value of n(u)
from this mobility near the surface is questionable.. The major contri-
bution to the area under n(u) comes from this area near the surféce.
Moreover, the n(u) profile fails to show any peak as predicted by the
L.S.S. theory. Again the compensation obtained is so close to the
doping level that it is a little hard to believe the figures obtained.
However, the profiles deep in the implanted layer support the compensa-
tion model in spite of the shortcomings near the surface. The measure-
ments and thé calculations were repeated several times to confirm the

profile experimentally obtained.
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CHAPTER V

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

‘5,1 Summary and Conclusions

The annealing characteristics of zinc implanted into semi-insulat-

“ing gallium-arsenide have been studied. The substrate into which 60 keV
zinc ions were implanted had resistivities of the order of 1 x lO8
ohm~cm. This resistivity is the result of the compensating action of
the chromium doping whose concentration was around 5 x lOls/cma, Zinc
was implanted at various fluence levels from 1 x 1012/cm2 to 1 x 1015
/cm2 and the behavior of the electrical propefties uﬁon annealing has
been studied.

In the as-implanted condition the resistivity was nearly independ-
ent of implantation dose. This resistivity is believed to be due to the
lattice damage produced during'implantation7 There is no expérimental
evidence to this assumption. The.sample with 1012/'cm2 dose had a higher
as-implanted resistivity than other doses. This indicates that the ini-
tial lattice damage is not sufficiently large to overcome the compensa-
ting influence of the chromium atoms. Two different modes of the kin-
etics of the anneal}ng of radiation damage were observed. The resistiv-
ity of samples with a 1 x lOls/cm2 dose decreased steadily upon anneal-
ing. Tor all other doses the sheet resistivity increased drastically
and approached values near that of the substrate after 400°C annealing.
This annealing effect has been associated with the removal of the ini-
tial lattice damage before many of the implanted atoms become electri-

cally active. This indicates that very few of the implanted ions become

electrically active until much of the radiation damage is removed.
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Up to 400°C annealing the mobility values were around 10 cm2/volt—sec.
because the carriers are due to lattice damage only. At 400°C the
mebility values increases to around 50 cm2/volt—sec. This is an indica-
tion that a few of.the implanted zinc ions are becoming electrically
active.

Upeon annealing to 660°C and 800°C, the resistivity decreases
considerably and the mobility attains values that are comparable to
those obtained by thermal diffusion. This.is an indication that most of
the implanted ions become electrically active after 600°C annealing.

The high resistivity and lew mobility\of the sample with 1 x‘lol‘?/cm‘2
dose illustrates an important point. This point is that in erder to
obtain implanted layers in semi-insulating gallium-arsenide which are
free from any influence of the substrate, the implanted dose should
yield dofing levels much greater than.the chromium concentration. In
the present case this was easily obtained by implantations above .

Y lQlB/CmQ. For doses above 1 % lOls/cm2 the final sheet resistivity
was -slightly dose dependent. The final value of sheet resistivity was
between 5 x 103 to 1 x 10" ohm per square for doses between 1 x lOls/cm2
to 1 x lols/cm2. There is little additienal annealing after 600°C. In
mény cases 800°C.annealing resulted in resistivities slightly higher
than the 600°C annealing. This increase is believed to result from the
diffusien of the implanted ions at 800°C. The profile measurements
indicates this. In attempting to make p-n junctions by ion implantation
this post implantation diffusion should be taken into consideration.

For doses above 1 % lﬂlu/cm2 the effective surface concentration

saturates at about 1 xAlolu/ch. For doses below this there is
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essentially 100% electrical activity. This saturation effect coulé be
due to the solid solubility. No exact profile measurement or actual
range measurements were done to determiné the depth te thch the implan-
ted ions are confined. ﬁothing can be.conclusively said about.the role
of the solid solubility in limiting the carrier concentration at-high.
doses. Baron. et. al., (1) have suggested that radiation defect centers
or complexes could act as doners or acceptors.and influence the net-
carrier concentration. The temperature dependence of resistivity clear-
18 indicates such a defect center with an activation energy of 0.26 ev

-above balence band. The profile measurement indicatés that the defect

centers are denors. )
Finally, the variation of ﬁobility with teﬁperature and its depend-.

ence on carrier concentratien indicates that ﬁobilityvis dominated. by

‘ionized impurity scattering after annealing above 400°C.

'15;2"Recemmendafions.

The high.rgsistivify of the sample was always a problem in all the
measurements. The noise was of the order of the signal in some cases.
Probably, if an a.c. Hall-effect measurement technique is adepted this
-broblem cculd be reduced.

More work has to be done to determine the actual cause of the
carrier-concentration saturation effect at high doses. More extensive
profile measurements, backscattering studies and electron-spin-resenance
: studies will give information on the location, nature and behavior of

the implanted atoms.
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CHAPTER VII
7. APPENDICES.

7.1 Appendix-1 Formula Used in the Analysis
of the Layer Removal Teclinique

When both carrier concentration and mobility are functions of |
depth, the sheet conductivity and sheet Hall coefficient - the quanti-
ties actuélly measured - are weighted averages. R. L. Petritz (21)
has -derived the foilg%ing formulae for the sheet Hall coefficient,RHS
and gheet conductivity,cs. _

Ryg = /[ nlx) < u(x)? > dx/e [ fn(x) < ulx) > dx1? 7.1
and o

o, = e/ nx) < ulx) > dx 7.2
Where n(x) and u(x) are the carrier conéentration and mobility at
distance x perpendicular to surface and e in the electronic charge.
Since the implanted layer is . thin the above formulae are applicable
to implanted layer. Buehler (3) has extended the work of Petritz and

according to him solving and differentiating the above equations give

e n(x) < w(x) > = dos/dx 7.3
2
d(R,. .0 “)

e n(x) < u(x)2 >3 -——%}S-;—S——— 7.4

These two equations can in turn be solved for the hall mobility and

.density distribution to give

2
da( g )
uH(x) = Rgi S / dgi 7.5
and
2
y, (%) do_ 2 d(Rh a” )
- . _h s ) S s
n(x) = euc(x) (dx / — 7.6
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Since uh/u; is normally equal to unity no correction for
uh(x) / Uc(x) is applied.

Egperimentaily the distributions are determined by measuring
R and os‘after each successive removal of thin layer of material

HS

as explained previously. The derivatives are approximated by

dos - A(ds)i )
dx Ax. *
i
and

.2 2, .

d(RhsOs ) A(Rhsc’s ) 1
= 7.8

dx

A%,
i

Here Axi,is the thickness of the material removed .in the‘i#h'strip

and‘A(cS)i and A(RthSQ)i_are the changes in these quantities by the

_ith strip.
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7.2 Appendix-II _Resistivity dependence on temperature:

it is desired to obtain a relation between the resistivity and
temperature. The zinc¢-acceptor impurity is assumed to. be influenced
by deep lying defect centers: The profile measurements indicate that
thg defect centers could act as deép donors acting as compensating
centers. If the defect centers have a concentration ND”at an enengy

level E  in the upper half of the band gap, then at high temperatures

D

the hole.concentration, p, is given by

P o= Ny - Ny [1- £ ] - 7.9

where f(ED) is the Fermi-Dirac distribution function.

Also,
Ef - EV?
p o= Noexp-(—gr—) . | 7.10
If ND >> NZn. )
E_-E E_-E
- D
then [ 1+ exp.(—%T—B) ] . exp - [ iT -
Thus
G E_-E
_ CLCED :
p = NZn - ND exp - (T) 7.11
E_-E
_ v
= N_exp - () 7.12
Let (EF—EV)/KT=Ekand(ED-EV)/KT = By
Solving for Ek from~e4ﬁéfions 7.11 and 7.12 give -
NZn 1
exp(-E ) = : 7.13
B T v N (B



Equation 7.1l can be written as

p = N, - N exp(-%{). exp(Ed)

Now substituting for exp(—Ek) gives

b = NZn NV
N, + N exp (Ed)

Si i >
ince ND >»> N

Y
p = NZE i exp(—Ed)
D ’
and
1/p = ﬁ—ﬁ%—— exp(E%TEZO
Zn' V-

The change of mobility with -temperature.is far less compared to the
change .in the number of hole. Hence the resistivity should change

with temperature approximately as

N ED-EV

0« TR o ()
Zn'V
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