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AFIT/GEP/PH/82D-17

Abstract

A comprehensive study of the electrical properties of

low-dose Si implants in both Cr-doped and undoped GaAs

substrates has been made using the Hall-effect/sheet-

resistivity measurement technique for various ion doses,

ion energies, and annealing temperatures. The samples were

implanted at room temperature and annealed with silicon

nitride encapsulants in a hydrogen atmosphere for 15 minutes.

N-type layers were produced at all dose levels investigated,

and the optimum annealing temperature was 850 0C for all

doses. The highest electrical activation efficiencies ob-

tained were 89% and 87% for Cr-doped and undoped GaAs sub-

strates, respectively. The electrical activations and

mobilities of undoped GaAs are, in general, higher than

those of Cr-doped GaAs at all annealing temperatures for a

given dose. The electrical activations and mobilities also

depend upon the ion energy, and.t4W increase with ion

energy .epth profiles of carrier concentrations and mo-

bilities are highly dependent upon ion dose and annealing

temperature. In general, the carrier profiles do not follow

the theoretical profiles. The carrier profiles for undoped

GaAs are much broader than those for Cr-doped GaAs. Signi-

ficant implantation damage still remains after an 8000C

anneal, and a 9000C anneal produces significant outdiffusion

as well as indiffusion of the implanted Si ions.
-7i
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A

ELECTRICAL PROPERTIES

OF SILICON-IMPLANTED GaAs

I. Introduction

In recent years, ion implantation directly into semi-

insulating GaAs substrates has been used for the fabrication

of various devices such as field effect transistors (FETs)

and integrated circuits (ICs). In particular, silicon-

implanted GaAs has been widely used, because Si is a light

atom and hence it has sufficient ion range for many device

requirements. Moreover, it has been found that, for low

dose Si implants, high electrical activation efficiencies

(surface carrier concentration divided by the implanted ion

dose) are generally achieved with room temperature implanta-

tion (Ref 1), while with other n-type dopants such as S and

Se, it is generally more difficult to achieve high electri-

cal activation with room temperature implantation (Refs 2,3).

-.. Si, like Ge, is an amphoteric dopant in GaAs; there-

fore, theoretically, it should be possible to produce n- or

p-type conductivity. However, the implanted Si has been

found to be an n-type dopant in GaAs (Refs 4, 5, 6), which

implies that the implanted Si ions preferentially go into

Ga sites.

1
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Although a number of publications (Refs 1,4, 5, 7)

dealing with the electrical properties of Si implants in

GaAs have appeared in the literature, the fundamental diffi-

culties encountered with this dopant are still not well

understood. In particular, no comprehensive study has been

made for low dose Si implants in GaAs in spite of the wide

use of the low dose in device fabrication. Moreover, there

are inconsistent reports about depth profiles of electrical

carrier concentrations and diffusion of Si during annealing.

Most studies have been made using Cr-doped semi-insulating

GaAs but only a few studies have been done using undoped

semi-insulating GaAs.

Thesis Objective and Scope

The objective of this thesis was the characterization

2 of the electrical properties of Si-ion-implanted GaAs in

the low dose range, and thereby the attainment of useful

information for device applications. In order to better

understand the factors affecting electrical activation and

carrier deoth distribution, a comprehensive study of GaAs:Si

Fwas undertaken. Optimum annealing temperatures that produce

maximum electrical activation were determined for each dose.

Since the device performance may strongly depend upon the

shape of the carrier profile, net carrier concentration, and

mobility, depth profiles of carriers and mobilities were

also made for each dose at the optimum annealing temperature.

2
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The substrate materials used were <100> oriented Cr-

doped and undoped semi-insulating GaAs. Ion implantation

was carried out at room temperature at an ion energy of
100 keV. The doses used were 1 x 01 2  2 x 101 2  3 x 1012

12 12 12 13 -2
4 x10 , 6x10 , 8x , and 1 x cm . Samples

were also implanted with a dose of 4 x 10 12cm at various

ion energies ranging from 50 to 375 keV. As a protective

mechanism during the annealing of the samples, a pyrolytic

Si3N4 encapsulant was used. The samples were annealed at

800, 850, and 900'C. The sheet resistivity and Hall co-

efficient of each sample were measured using the van der

Pauw technique (Refs 8, 9, 10, 11). Depth profiles of carrier

* - concentration and Hall mobility were measured by the combined

use of Hall measurements and the chemical layer-removal

technique.

Sequence of Presentation

Chapter II provides background information for this

study. It contains the basic concepts and problems of ion

implantation. A brief description of ion-range statistics

is also given in this chapter. Chapter III describes de-

tailed experimental procedures, sample preparation pro-

cedures before and after ion implantation, a criteria for

GaAs substrate selection, a description of the Hall-measure-

ment system, and the electrical measurement methods. The

experimental results of Si-implanted GaAs and the discussion

of these results are presented in Chapter IV. Electrical

3



activation and carrier prof.. dependence upon ion dose and

annealing temperature are described for both Cr-doped and

undoped substrates, and these results are compared with each

other. Chapter V concludes this study with a summary of

significant results and with some suggestions for further

study. The appendix includes a table of ion-range statistics

for Si implants in GaAs.

p.
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II. Background

Ion Implantation

The electronic and optical properties of semiconductor

materials can be changed by introducing appropriate impuri-

ties into semiconductors. This process, called "doping",

involves the introduction of a desired impurity atom onto a

*i lattice site in the host crystal. Conventionally, this is

achieved either during the crystal growth process or by

thermal diffusion. An alternative process is that of ion

implantation, where the desired impurities are injected into

semiconductors using an energetic ion beam.

The ion implantation technique has advantages over the

conventional technologies. It offers accurate control of

impurity concentration and profile, good reproducibility,

only slight lateral spreading, and the ability to achieve

doping profiles not easily obtained by other techniques.

Also, ion implantation can be done at relatively low temper-

atures, and this is especially useful for the doping of

compound semiconductors.

In spite of the many advantages of introducing impuri-

ties by the ion implantation technique, many problems also

exist. Undesirable crystalline defects are produced during

the injection of dopants into a semiconductor using an

energetic ion beam. Also, the ions do not all settle in

5



substitutional lattice sites. Therefore, the implanted

ions do not all become electrically active and thermal

annealing is required to remove the radiation damage, to

bring the dopants into electrically active sites, and to

re-order the crystal. In general, high annealing tempera-

tures (700 0C to 950°C) are required to achieve maximum

electrical activation of the implanted ions. However,

dopants and/or substrate elements can be lost during thermal

annealing. Therefore,. some kind of surface protection, that

is, an encapsulant, is required to prevent any loss of the

dopant or the host atoms during high temperature annealing.

Lindhard, Scharff and Schiott (LSS) Theory

The LSS theory describes the distribution of implanted

ions with depth in an amorphous solid. When an energetic

ion enters a solid, it suffers collisions, losing energy

either to the target-atom's nuclei or electrons, resulting

in the consequent deflection from its original trajectory

until it is finally brought to rest. If the target material

is amorphous, then the stopping process for any particular

ion of an incident monoenergetic beam will be random, and

the distribution of implanted ions can be shown to be

approximately Gaussian, characterized by an average projected

range and a standard deviation (Ref 12: 44).

In crystalline targets, the distribution of implanted

ions is dependent on the orientation of the substrate during

the implantation. If the incident beam is aligned with one

6
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of the major crystal axes or planes, then the phenomenon of

channeling may take place whereby some of the implanted ions

penetrate to depths far greater than predicted for amorphous

targets. This problem can generally be minimized by mis-

aligning the target crystal so that the ion beam is incident

in a nonchanneling direction, thus making the target material

appear amorphous (Refs 12, 13).

The LSS theory considers the effect of the stopping

power of the atoms in the substrate on the implanted ions

through various kinetic energy loss mechanism. The result

is a Gaussian distribution in which the average projected

. range, R , the position of the peak of the distribution and
p

its standard deviation, a , depend upon the energy, as well.

as the atomic number of the implanted ions and that of the

substrate. Gibbons et al (Ref 14) have developed a computer

program to calculate R and a and have tabulated the re-
p p

sults for various energies, implanted ions, and substrates.

The concentration, N(x ) , of the implanted ions as a
p

function of the distance from the substrate surface can be

obtained by

X- R )2
N(Xp) = EXP [- X2 , ] , (i)

2p p
Op p

where x is the depth measured along the direction of in-
0

cidence of the beam in A, * is the fluence, or ion dose

2
per cm , Rp is the projected range in A, and ap is thepep

standard deviation of the projected range in A. The re-

7
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-suiting profile will be similar to the theoretical distri-

bution shown in Figure 1.

N(Xp)Hp 0
Na, Xp,Rp

Rp -4
Np ------- I

N 7 Np at Xp=Rp±O'p

Np -- I

(Rp p) (Rp+(Tp)

0 P

-:: SURFACE

":: Figure 1. Typical Theoretical Gaussian Ion DistributionI8
i~o.
t,.°i .•
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III. Experimental Procedures

Sample Preparation

The substrate materials used for this study were <100>

-: oriented Cr-doped and undoped semi-insulating GaAs single

crystals, obtained from Crystal Specialties, Inc. and

Cambridge Instruments, Ltd., respectively. The substrate

" wafers were scribed and broken into the square-shaped

samples about 0.5 cm on a side. Prior to implantation, the

samples were carefully cleaned with 10% aquasol, de-ionized

water, trichloroethylene, acetone, and methanol, and were

dried with nitrogen gas. They were subsequently free-

etched with an H2SO:30%H 202 :H20 solution in a 3:1:1 ratio

by volume for 60 seconds. Room temperature implantation

was carried out at an energy of 100 keV to doses ranging

from 1 x 1012 to 1 x 1013 .-2 The incident-ion beam was

directed 70 off the <100> crystal axis to minimize ion-

channeling effects. After implantation, the samples were

carefully cleaned again just before capping with an N1000 A

layer of Si3N4 pyrolytically deposited at N7000 C for 30

seconds. The samples were then annealed in flowing hydrogen

gas for 15 minutes at 800, 850, and 9000 C. The encapsulants

were removed with a 48% hydrofluoric acid after annealing,

usually requiring about 3 n. 5 minutes immersion for Si3N

films. The samples were rinsed in flowing de-ionized water

9
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and blown dry with nitrogen gas. Electrical indium con-

tacts were made on the four corners of the square-shaped

implanted surface using an ultrasonic soldering iron. The

contacts were then heated at 3500 C for 3 minutes in flowing

argon gas to produce ohmic behavior. Ohmicity of the con-

tacts was checked using a curve tracer.

Substrate Qualification Test

Thermal conversion is a process which results in the

formation of a conducting layer in the vicinity of the sur-

face of a semi-insulating substrate when it is annealed at

high temperature. This thermal conversion seriously affects

the electrical behavior of the implanted samples. Therefore,

thermal conversion tests were made for several semi-insu-

lating GaAs substrates before ion implantation in order to

select good substrates. The substrates were free-etched,

capped with pyrolytic Si 3N4 encapsulants, and annealed at

9000 C for 15 minutes in flowing hydrogen gas. The results

of Hall measurements of various substrates are shown in

Table I. Among the tested samples, CS-E-119 (Cr-doped) and

MR-AO01/R3 (undoped), were chosen for low-dose Si implanta-

tion.

Electrical Measurements

Hall-effect/sheet-resistivity measurements were made

using the standard van der Pauw technique and an apparatus

which is suitable for high-resistivity measurements.

The van der Pauw technique requires only four contacts

10



Table I

Typical Results of Substrate Qualification Test

Substrate Kind of Sheet Number of Types of

Number Substrates Resistivity Carriers Conductivity

(WD) (cm-2 )

CS-E-119 Cr-doped 2.8 x 106 8.1 x 109 No-type

8.5 10 Notp
CS-E-159 Cr-doped 6.7 x 105 4.3 x 1010 No-type

CS-E-222 Cr-doped 1.3 x 10.3 1. x 1012 N
2" 12

CS-E-647 Cr-doped 8.7 x 102 1.6 x1 N

CS-E-1120 Cr-doped 4.2 x 104 3.4 x l0ll N

CS-E-1600 Cr-doped 4.9 x 104 4.1 x 1010 N

A245R/ID Undoped 2.6 x 107 2.2 x 10 No-type
6 10P

.R-A001/R3 Undoped 2.3 x 10 3.7 x 10P

MR-A540 Undoped 2.8 x 104 6.8 x 1011 P

MR-A555 Undoped 1.1 x 10 1.2 x 101 N

located anywhere on the periphery of a uniformly thick

sample of arbitrary shape. However, it is necessary to

measure voltages and currents across different pairs of

contacts in order to correct for the geometry, which re-

quires interchanging current and voltage leads to the

sample as shown schematically in Figure 2. In each of the

six configurations illustrated in Figure 2, the current and

the voltage between Vl and V2 are recorded. In position (e)

and (f), the voltage between Vl and V2 is measured with the

magnetic field applied.

1. 11
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Figure 2. Illustration of the Sample Connections Used
for-Takingvan der Pauw Transport Data
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The sheet resistivity, p in D/n is calculated using

Eq. (2);

V R +Rb Ra

8= £n2 2 "f(-) '  (2)
Rb

where R is a resistance in ohms defined for position (a)a

of Figure 2 as

R = (V1 - V2)/I . (3)

RD is defined in a similar way for position (b), f(Ra/Rb)

is a geometrical correction factor dependent only upon the

ratio of R and Rb, and I is the current in amperes.

The sheet-Hall coefficient, R S in ohms-square centi-

meter per volt-sec is given by Eq. (4),

- 0 8 (ARe/B) , (4)

where B is the applied magnetic field in gauss and ARe is

the change in the resistance of position (e) of Figure 2

when the magnetic field is applied perpendicular to the

sample. Then the surface carrier concentration, NS, in

cm is calculated from Eq. (5),

N r (5)

S e S

where e is the electronic charge in Coulombs and r is the

Hall-to-drift mobility ratio, which is customarily taken

to be unity. The Hall mobility, V H' in square centimeter

per volt-sec is obtained by Eq. (6),

R HS (6)

H 'P

13



Figure 3 illustrates schematically a fully guarded

circuit for making van der Pauw measurements. The connec-

tions indicated correspond to configuration (a) of Figure 2,

but all six configurations are conveniently achieved by

means of a six-section, six-position rotary switch inserted

between the dashed lines as indicated in Figure 3. Each

section of the switch is responsible for one of the six

functions Vl, V2, ammeter, battery, ammeter relay, and

battery relay, while the six positions of the switch cor-

respond to (a) ' (f) of Figure 2.

A sample to be tested is mounted on the sample probe.

Using indium solder, the sample is connected electrically

to the leads on the probe which in turn lead to the measure-

ment system. For samples to be profiled, the indium con-

tacts are coated with black wax that has been diluted with

trichioroethylene. This coating protects the contacts of

the samples from the etchant used for chemical layer-removal

during profiling. After mounting the sample on the probe,

it is placed between the poles of an electromagnet which

can produce a magnetic field of 8,100 gauss.

A block diagram of the automated Hall-effect/sheet-

resistivity measurement system is shown in Figure 4. The

system consists of a Digital Equipment PDP 11-03 computer,

four Keithley Model 610CR electrometers operated as unit

gain amplifiers, a Keithley Model 725 programmable current

source, and a Keithley Model 6900 digital multimeter to

measure voltages of the sample. The current through the

14
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Figure 4. Block Diagram of Automated Hall-Effect/Sheet-
Resistivity Measurement System
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sample is read with a Keithley Model 616 digital electro-

meter (Ref 15).

Depth profiles to determine the carrier concentration

N and Hall mobility V H are obtained by the combined use of

the chemical layer-removal technique and Hall-measurements.

The number of carriers N. in the ith layer and its Hall

mobility (P~ilcan be obtained from the relations (Refs 8,

11, 16)

1
PS

i_'"

"N. = , (7)
e(H) d.

Hi1

where A ( 1=and d is the thicknessP'. (Pp ) 1
S, 3. s i+l

of the ith layer and

R
HS

I-, PS i

fj (=(8)

!:: 1
P5

S (HS i HS i+l-. where A (=) =-
P_2 2"S' i (PS) 2(PS)2

.1--s i i + l

In the above equations, (RHS) and (p ) are the

sheet-Hall coefficient and the sheet resistivity, which are

measured after removal of the 1th layer with thickness di.

Successive thin layers of the implanted section are

removed using a diluted solution of H2SO4:30%H 0 :H 0 in

17



h 1:1:100 ratio by volume at 00 C. Measurements are con-

tinued until all the active layers are removed. After

completion of the profiling, the black wax is removed from

the sample, and then the etched depth is measured. A

o

typical etching rate is "'100 A/minute as determined by a

Sloan-Dektak Surface Profile Measuring System. It has been

assumed that the etching rate is constant in each etching.

18



IV. Experimental Results and Discussion

Electrical Activation

The results of Hall-effect/sheet-resistivity measure-

ments made on Cr-doped GaAs substrates implanted with Si

ions at an energy of 100 keV to doses ranging from 1 x 1012

to 13 -2
to 1 x0 cm and annealed at three different tempera-

tures are shown in Figure 5. These results clearly show

that the maximum electrical activation occurs at the 8500 C

anneal for all doses. The highest activation efficiency

obtained was 89% for the sample implanted to a dose of 8 x

101 2 cm- 2 . The decrease in ele:trical activation at the

9000 C anneal may be due to outdiffusion of implanted Si

ions. For the sample implanted with 2 x 1012 cm-2 and an-

nealed at 8000 C, no appreciable electrical activation has

been observed. Samples having a dose of 1 x 1012 cm-2 have

also been investigated, but no measurable electrical activa-

tion was obtained even at the 900 ° C anneal. The annealing

behavior of the Hall mobility indicates that mobilities

obtained after the 8500 C anneal increased significantly

from the values of the 8000 C anneal for all except the dose

of 1 x 1013 cm- 2 . However, the mobilities did not increase

further after annealing the samples at 9000 C. The mobili-

ties for a dose of 1 x 1013 cm- 2 remained about the same at

three different annealing temperatures. Generally, mobilities

19
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are higher for low-dose samples than for high-dose samples.

Figure 6 is a replot of the data for Cr-doped substrates,

showing surface carrier concentration versus implanted dose

at different annealing temperatures. A straight line repre-

sents 100% activation efficiency. Activation efficiency

clearly increases with ion dose up to 8 x 1012 cm- 2 and de-

creases slightly at an ion dose of 1 x 1013 cm-2 . From this

figure, we can deduce that the electrical activation for

doses lower than 2 x 1012 cm- 2 is very poor. The cut-off
-.

dose below which no appreciable electrical activation can be

obtained is around 1 x 1012 cm-2

The results of Hall measurements made on undoped GaAs

substrates implanted with Si ions are also shown in Figures

7 and 8. The maximum electrical activation occurs at the

850* C anneal for most doses as in the case of Cr-doped sub-

strates. However, the surface carrier concentrations for

doses of 3 x 1012 and 4 x 1012 cm- 2 are nearly the same for

three annealing temperatures. The activation efficiency

increases with ion dose up to a dose of 6 x 1012 cm- 2 except

for the 8000 C anneal, and then it decreases slightly with

increasing dose. Electrical activation for the undoped

GaAs substrates is, in general, slightly higher at all anneal-

ing temperatures than that for Cr-doped GaAs for doses up

to 6 x 101 2 cm-2 , whereas for higher doses, the activation

is about the same for both substrates. The highest electri-

cal activation efficiency obtained for undoped GaAs substrates

was 87% for the sample implanted to a dose of 6 x 1012 cm
- 2
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and annealed at 8509 C. The annealing behavior of the Hall

,P mobility indicates that mobility is nearly independent of

annealing temperature. It seems that lattice damage due to

ion bombardment can be annealed well even at around 8000 C

for these undoped GaAs substrates. Furthermore, the mobili-

ties are considerably higher for undoped substrates than for

Cr-doped substrates at all annealing temperatures and doses.

Since the optimum annealing temperature for most of the

Si-implanted GaAs is 8500 C, surface carrier concentrations

obtained at the 850 ° C anneal have been compared for two

different substrates, and the results are shown in Figure 9.

For low-dose implants (< 6 x 1012 cm- 2), the electrical acti-

vation for undoped GaAs substrates is slightly better than

for Cr-doped substrates, whereas for the two higher doses,

the reverse is true. For both substrates, the electrical

activation efficiency increases with ion dose up to about

6"%8 x 1012 cm- 2 , and then it decreases with increasing ion

dose.

Typical results of sheet resistivity ps, Hall mobility

PH, surface carrier concentration Ns , and electrical activa-

tion efficiency n for both Cr-doped and undoped GaAs sub-

strates implanted with Si and annealed at three different

temperatures are listed in Tables II and III, respectively.

The results of electrical measurements made on undoped
12

GaAs substrates implanted with Si to an ion dose of 4 x i0

cm- at various ion energies and annealed at 850* C are

shown in Fig. 10. The electrical activation as well as the
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Table II

Typical Results of Sheet Resistivity pS , Hall Mobility

P, SSurface-Carrier Concentration N, and Electrical

Activation Efficiency n for Si-Implanted Cr-Doped GaAs
Samples Annealed at Three Different Temperatures

Dose TA Ps PH Ns
(cm- 2) (OC) (/o) (cm2/V.sec) (carriers/o) n(%)

3 x I012  800 9.0 x 103 1998 3.5 x l0l 11.6

4 x 101 2  800 3.5 x 103 2110 8.4 x 1011 20..9

6 x i012  800 1.2 x 103 2319 2.2 x 1012 36.1

8 x 1012  800 5.8 x 102 2568 4.2 x 1012  52.4
" x 1013  800 4.6 x 102 2650 5.2 x 1012 51.5

2 x 1012  850 2.0 x 103  3788 8.1 x 1011 40.3

3 x 1012 850 1.4 x 103 3247 1.4 x 1012 47.6

4 x 1012  850 6.9 x 102 3511 2.6 x 1012 64.7

6 x 1012 850 4.0 x 102  3233 4.8 x 1012 80.2

8 x 1012 850 3.0 x 102 2952 7.1 x 1012 89.2

1 x 1013 850 2.8 x 102 2652 8.3 x 101 2  83.3

2 x 10l2 900 2.8 x 103 3865 5.7 x i011  28.7

3 x 1012  900 1.5 x 103 3598 1.2 x 1012 39.1

,4 X i 12  900 9.0 x 102 3310 2.1 x 1012  52.3

6 x 1012 900 5.3 x 102 3227 3.7 x 1012  61.0

8 x 1012  900 5.2 x 102 2997 4.0 x 101 2  49.7

I x 1013 900 4.0 x 102 2575 6.1 x 1012 60.9
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Table IIi

Typical Results of Sheet Resistivity pS , Hall Mobility

PH, Surface-Carrier Concentration Ns, and Electrical

Activation Efficiency n for Si-Implanted Undoped GaAs

Samples Annealed at Three Different Temperatures

":TA PsH NsDose T s

(cm-2 ) (OC) (0/1) (cm2 /V.sec) (carriers/o) n (%)

2 x 1012 800 1.9 x 103 4190 7.7 x 1011 38.5

3 x 1012 800 1.1 x 103 3340 1.8 x 1012 58.3

4 x 1012 800 5.1 x 102 3872 3.2 x 1012 79.7

6 x 1012 800 8.1 x 102 2790 2.8 x 1012 45.9

8 x 1012  800 4.4 x 102 3778 3.8 x 1012 47.2

1 x 1013 800 3.6 x 102  3034 5.8 x 1012 57.6

2 x 1012 850 1.4 x 103  4109 1.1 x 1012 54.2

3 x 1012  850 9.8 x 102 3841 1.7 x 1012 55.0

4 x i01 2  850 5.6 x 102  3896 2.9 x 1012 71.6

6 x 1012 850 3.5 x 102 3467 5.2 x i0 1 2  86.9

8 x 1012 850 2.6 x 102 3581 6.7 x 1012 83.2

1 x 1013 850 2.5 x 102 3241 7.6 x 1012  76.4

2 x 1012 900 2.3 x 102 3331 8.0 x 1011 40.0

3 x 1012 900 8.6 x 102 4251 1.7 x 1012 56.7

4 x 101 2  900 6.0 x 102  3583 2.9 x 101 2  73.2

6 x 1012  900 3.8 x 102 3754 4.4 x 1012  73.9

8 x 1012 900 2.8 x 102  3530 6.4 x 1012 79.4

1 x 101 3  900 3.1 x 102 3291 6.1 x 1012  61.0
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mobility for this dose level clearly increases with ion

energy. This increase in electrical activation efficiency

with ion energy may be attributed to the fact that less sili-

con outdiffusion is expected during the anneal of higher-

energy implanted samples due to the greater implant depths

which result compared to those obtained for lower-energy.

The highest electrical activation efficiency obtained was

85% for an ion energy of 300keV.

Electrical Carrier Profiles

Electrical depth profiles of carrier concentration and

Hall mobility for Cr-doped substrates implanted with Si at

an ion energy of 100 keY and annealed at 8500 C are shown in

Figure 11 for the three lower dose samples. In the profile

measurements, an annealing temperature of 8500 C was especially

chosen because the maximum electrical activation occurred at

this temperature. The theoretical LSS profile for an ion

dose of 4 x 1012 cm- 2 is also shown in this figure for compar-

ison. The theory predicts that the peak concentration will

occur at A,0.085 Um for an ion energy of 100 keY. For an ion

dose of 3 x 1012 cm- or below, the profiles show no clear

peaks and the active layers extend only to about 0.075 Um.

Nearly all the Si ions in these active layers are electrically

active, whereas the Si ions beyond the depth of about 0.075 Um

are not electrically active at all or they are completely

compensated. Therefore, the electrical activation efficiencies

K are about 40,50% for these doses. Nevertheless, the maximum

30
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carrier concentrations obtained are about the same values

predicted by the theory. The mobilities are high near the

. surface and they decrease rapidly as the depth increases.

12 -For a dose of 4 x 10 cm 2 , the depth of an electrically

active region is deeper than those for lower doses, extending

roughly to 0.12 pm. The mobilities decrease gradually with

increasing depth.

Electrical depth profiles of Si implants in Cr-doped

GaAs substrates for three higher doses are shown in Figure

12. The LSS profile for a dose of 1 x 1013 cm 2 is also

shown in this figure. For doses of 6 x 1012 and 1 x 1013

CM 2 the carrier concentrations near the surface are higher

than the values predicted by the theory, indicating a ten-

dency of Si accumulation toward the surface. The carrier

profile of a dose of 8 x 1012 cm- 2 is much different from

the others. The profile is much broader and the carrier-

peak position is deeper than the LSS peak position. It also

shows a slight indiffusion of the implanted Si ions. For a

dose of 1 x 1013 cm-2, the carrier profile follows generally

very closely to the theoretical profile, and the peak-carrier

concentration as well as the carrier-peak position agree very

well with theory. The mobilities for these three doses are

initially higher near the surface, and then decrease gra-

dually with increasing depth.

Electrical depth profiles of carrier concentration and

Hall mobility for undoped substrates implanted with Si to the

three lower doses and annealed at 8500 C are shown in Figure

.3 .t. 32

q %-.x - . . . . .



LJES-723- 259
100

LSS PROFILE
~dr 13 -2
(41x10 cm)

GaAs (Cr): Si, 100 key
ANNEAL : 8500C, 15 MIN.
PYROLYTIC SiN CAP

* V-46u6xIO Cm
12 -2

*a8xI10 Cm

10 1lx 10c

7n

0.1 0.2 0.3
DEPTH (pm)

Figure 12. Carrier Concentration N and Hall Mobility PH
Plotted as a Function of Depth for Three Higher-Dose

Si-Iniplantcd Cr-Doped GaAs

33



13. The LSS profile shown in this figure is for a dose of
, -- 112 2

4 x 1  cm-. The shapes of the carrier profiles are quite

different from one another. The carrier profile for a dose

of 2 x 101 2 cm 2 initially follows the LSS profile closely

up to a few hundred angstroms. Thereafter, the carrier con-

centrations continue to increase with depth up to the end of

the active layer. For the two higher doses, the positions

of peak carrier concentrations are closer to the surface than

those of the theoretical peak carrier concentrations. Also,

the carrier concentrations near the surface are higher than

the values predicted by the theory.

Electrical depth profiles of Si implants in undoped

GaAs substrates for three higher doses are shown in Figure 14.

The LSS profile for a dose of l x 1013 cm- 2 is also shown in

this figure for comparison. The carrier profiles for these

doses extend deep into the sample, indicating a slight indif-

fusion of the implanted Si ions. Although the peak concen-

trations are much lower than the values predicted by the

theory, the positions of peak-carrier concentrations agree

very well with the position predicted by the LSS theory for

all these doses. The mobilities decrease very slowly with

increasing depth and the trends of the mobility-depth pro-

eO files are about the same for all three doses.

Electrical profiles of carrier concentration and Hall
/-[1

mobility for both Cr-doped and undoped GaAs substrates im-

planted with three doses of Si ions at an energy of'100 keV

and annealed at 8500 C are shown in Figure 15. It can be
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clearly seen that the carrier concentrations in the Cr-doped

substrates are higher than those in the undoped substrates

throughout the entire active region for the given dose,

whereas the reverse is true for mobilities. However, the

depths of electrically active layers for undoped substrates

are greater than those of Cr-doped substrates at the given

. dose. It seems that the Si ions in the Cr-doped substrates

have a tendency to move toward the surface, whereas the Si

ions in undoped substrates have a tendency to move into the

substrates. The shallower active layers of the Cr-doped

substrates suggest that electrical compensation in the deep

side of the sample is greater for the Cr-doped substrates

than for the undoped substrates.

Depth profiles of the carrier concentration and Hall

mobility for Cr-doped substrates implanted with Si to a dose

of 6 x 1012 cm- 2 and annealed at three different temperatures

are shown in Figure 16. Carrier and mobility profiles are

shown to be highly dependent upon the annealing temperature.

The carrier concentration of the sample annealed at 8500 C

is significantly higher than those of the samples annealed

at either 800 or 9000 C. The carrier concentrations for the

800 and 900* C anneals increase with depth, and the profiles

show no clear peaks. Both the carrier concentrations and

mobilities of the sample annealed at 8000 C are significantly

lower than those of the sample annealed at 8500 C. This

indicates that significant implantation damage remains even

after annealing at 8000 C for this dose. The low activation

38



18 UES-723-255
10

10 17\ \A LSSPROFILE
\(4-6 xI10 1Cm r)

GaAs (Cr): S , 100 keV
PYROLYTIC Si N4 CAP

12 -2
SSu6x10 CM
15 MIN. ANNEAL
A - 8000C

10 ci- 850*C O
o - 900DC

10

0.1 0.2 0.3
DEPTH (pm)

Figure 16. Carrier Concentration N and Hall Mobility H
Plotted as a Function of Depth for 100-key Si-Implanted.

Cr-Doped GaAs Annealed at Different Annealing Temperatures

39



efficiency observed at this annealing temperature may be due

to this unannealed damage. Also, the active region for the

8000 C anneal is very shallow and no carriers are found be-

yond the projected range. The carrier concentrations of the

sample annealed at 900* C are also very low compared with

those of the 8500 C anneal in most of the active region.

This is probably due to outdiffusion of the implanted Si ions.

Also, the profile for the 9000 C anneal shows some indiffusion

of Si ions.

Electrical profiles for undoped substrates implanted

with Si to a dose of 6 x 1012 cm- 2 and annealed at three dif-

ferent temperatures are shown in Figure 17. The carrier con-

centrations decrease with increasing annealing temperature.

However, the active layer for the 8000 C anneal is much shal-

lower than those for higher temperature anneals, showing no

carriers beyond around the projected range. The redistribu-

tion of the implanted Si ions takes place well into the

damage-free region at an annealing temperature of 850 ° C or

above, indicating a significant indiffusion of Si at this

dose level. The carrier concentrations of the sample an-

nealed at 900* C are much lower than those for an 8500 C

anneal, and this may be due to outdiffusion of the implanted

Si ions. The mobilities for the 8000 C anneal decrease

sharply with increasing depth, whereas the mobilities for

higher temperature anneal decrease gradually.

In order to provide some useful information to device

" designers, the maximum carrier concentration Nmax , the

40
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carrier-peak position and the depth of the active layer

of the 100 key Si implants in Cr-doped and undoped GaAs sub-

strates implanted to various ion doses and annealed at 8500
C are summarized in Tables IV and V, respectively. Also,

the peak-carrier concentrations and the projected range pre-

dicted by the LSS theory are listed in the tables for com-

parison.

42
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V. Conclusion

Through a comprehensive study of electrical properties

of low-dose Si implants in both Cr-doped and undoped GaAs,

it has been found that both electrical activation efficiency

and carrier profiles are highly dependent upon the annealing

temperature, the ion dose, and the type of substrate.

Although Si is an amphoteric dopant in GaAs, the results

show that Si is exclusively an n-type dopant in GaAs at low

doses. The optimum annealing temperature is found to be

8500 C for all doses investigated. The electrical activation

efficiencies increase with ion dose up to about 6"u8 x 1012

car, and then they decrease slightly at higher doses. The

cut-off dose below which no appreciable electrical activation

can be produced is around 1 x 1012 cm- 2 . The highest elec-

trical efficiency obtained for Cr-doped substrates was 89%

for a dose of 8 x 1012 cm 2 , and that for undoped substrates

was 87% for a dose of 6 x 1012 cm-2 . The electrical activa-

tions and mobilities of undoped GaAs are, in general, higher

than those of Cr-doped GaAs at all annealing temperatures

for a given dose. The electrical activations and mobilities

also depend upon. :ie ion energy for a given dose, and they

increase with ion energy.

In general, the carrier profiles do not follow the

theoretical LSS profiles. For a dose of 3 x 1012 cm 2 or
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below, the active layers for both substrates are quite shal-

low, extending only to around the projected range.

Most carriers for Cr-doped substrates remain within the im-

planted region for all doses and annealing temperatures.

However, slightly higher carrier concentrations than those

predicted by theory are found near the surface region, indi-

cating that the implanted Si ions have a tendency of moving

toward the surface. The depth profiles of carrier concentra-

tions for undoped GaAs implanted with higher doses (> 6 x 10

cm-2) are much broader than those for Cr-doped GaAs. The

active layers of these samples extend deep into the sample,

indicating a slight indiffusion of the implanted Si ions.

Probably, the electrical compensation in the deep side of

~ the sample is greater for the Cr-doped GaAs substrate than

for the undoped. For a given dose, the carrier concentra-

tions of the Cr-doped substrates are much higher than those

of the undoped substrates, and the reverse is true for the

mobility profiles. The carrier'and mobility profiles for a

dose of 6 x 1012 cm-2 show that significant implantation

damage still remains even after the 8000 C anneal. Also the

profiles show that significant outdiffusion as well as in-

diffusion of the implanted Si ions occurs for the samples

annealed at 9000 C for both substrates. Therefore, the elec-

trical activations obtained for the samples annealed at 800

and 900 ° C are much lower than those for the samples annealed

at 850o C.

For further study, it is recommended that a comparative
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study of secondary ion mass spectroscopy (SIMS) atomic pro-

files and electrical carrier profiles is necessary in order

to better understand the behavior of the silicon implants in

GaAs. It may give useful information about the outdiffusion

as well as indiffusion of implanted Si and the electricallyp inactive Si. Also, chromium redistribution in the Si-implanted

Cr-doped GaAs samples will give some information about the

electrical compensation. Further study of carrier profile

dependence upon annealing temperature for both Cr-doped and

undoped GaAs substrates implanted to different ion doses is

also suggested to obtain more information about redistribu-

tion of the implanted Si ions. Electrical activation and

carrier profile dependence upon ion energy as a function of

annealing temperature may also be interesting because the

activation efficiencies and the shapes of carrier profiles

may significantly depend upon the implanted ion energy and

annealing temperature.
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