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potential of laser annealing to remove lattice damage caused by ion implantation and to
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HC1/AsH3j/Hy system. Based on these results specifications for a new semi-automatic gas-

handling system were developed and the unit purchased from Crystal Specialties;?l}sing this

RM
DD 2R, 1473 UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

211 000

,
10




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
20.

system, we have grown up to 5-um-thick "undoped" buffer layers on SI GaAs substrates. Using
NH3 to getter Si from the gas stream, we have been able to grow even thicker buffer layers.

The ability to grow undoped buffer layers by the addition of NH3 to the gas stream has been

described in the literature; we have, however, succeeded in growing thicker layers than that
achieved previously,

Implant conditions for obtaining a l-pm-deep, uniformly doped (28s1) n-layer in SI GaAs
were worked out. Several wafers were implanted at energies of 40, 120, 280, 500, and 900 keV,
The implantations at 500 and 900 keV were carried out in a Van de Graaf machine. Preliminary
SIMS (secondary ion mass spectroscopy) data show a uniform donor atom profile. Evaluation of
high-energy multiple implanted layers by SIMS, van der Pauw, and C-V techniques is being
carried out,

Annealing of GaAs using high-power pulsed lasers for removing lattice damage is being
investigated. Both Nd:glass (photon energy 1.17 eV) and ruby (photon energy 1.78 eV) laser
radiation are being studied. Since the photon energy of the Nd:glass laser is less than the
bandgap (1.4 eV at 300 K) of GaAs, the optical absorption at the Nd:glass laser wavelength
is strongly dependent upon the amount of impurities and lattice defects produced. Optical
measurements show that damage-enhanced absorption at A = 1.06 um increase with implant dose.
This enhanced absorption is greatly reduced following Nd:glass laser anneal as a result of
lattice reordering. Electrical activation is _greatly enhanced by laser annealing for samples
implanted with doses higher than 3x10l4at./cm?. Sheet carrier concentrations obtained are
two to five times higher than with thermal anneal. The impurity distribution profile measured
shows no redistribution up to laser energy denmsity of 1 J/cmZ,

The photon energy of the ruby-laser radiation is higher than the GaAs bandgap and is
strongly absorbed at the surface. Annealing experiments were carried out on samples implanted
at 70, 100, and 200 keV with doses ranging between 1x1014 and 1x1016at./cm?. The laser was
operated with output energy density between 0,5 and 2.3 J/cm? per 30-ns pulse., Sheet carrier
concentration density of up to 6.25x1014at,/cm? with an activation efficiency of 20.8% was
measured on high-dose implanted samples. These results are more than an order of magnitude
higher than that for similar samples annealed thermally. Higher activation efficiencies (45
to 56%) and higher mobilities (830 to 1350 cm?/V-s) were measured in samples implanted at
lower dose level (1x1014 to 5x10l4at./cm2), The sheet resistances were typically four to
five times lower than that for thermally annealed samples. The lowest sheet resistance
measured was 20.8 Q/g. Ohmic contacts were obtained with AuGe/Ni/Au metallization evaporated
at room temperature without alloying. SIMS measurements show that no impurity redistribution
occurs for energy density of 1 J;cm! or less. Annealing with a laser energy density of 2.3
J/cm2 shows significant redistribution as a result of damage-enhanced diffusion.

A minicomputer-controlled DLTS system for rapid and accurate evaluation of deep traps
was set up. The key feature of our system is that the capacitance transient is acquired,
digitized, and stored for data manipulation. This provides a degree of flexibility that
cannot be realized with analog schemes.
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PREFACE

This interim report describes research done in the Microwave Technology
Center of RCA Laboratories during the period 1 July 1978 to 31 March 1979 in a
program sponsored by Defense Advanced Research Projects Agency (DOD) under
DARPA Order No. 3441 BASIC and monitored by the Office of Naval Research under
Contract No. N00014-77-C-0542. F. Sterzer is the Center's Director; S. Y.
Narayan is the Project Supervisor. S. T. Jolly carried out the research on
epitaxial growth; E. C. Douglas, S. G. Liu, and C. P. Wu carried out the ion-
implantation and laser annealing work; and Y. H. Yun made the trap measurements.

The SIMS analyses were made by C. W. Magee.
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SECTION I

INTRODUCTION

The cbjectives of this program are to (1) develop techniques for the
epitaxial growth of high-resistivity buffer layers on semi-insulating (SI)
GaAs substrates, (2) investigate ion implantation of donors into GaAs over a
range of 50 to 2000 keV, and (3) investigate the potential of laser annealing
to remove lattice damage caused by ion implantation and to activate the im-
planted donors.

The preliminary results on the growth of Cr-doped buffer layers by vapor-
phase epitaxy (VPE) were described in our previous report [1]. These Cr-doped
layers were grown using the Ga/HCl/AsH3/H2 system. Based on these results
specifications for a new semi-automatic gas-handling system were developed and
the unit purchased from Crystal Specialties.* This system was received at
the end of December 1978 and is being debugged. Using this system, we have
grown up to 5-pm-thick 'undoped' buffer layers on SI GaAs substrates. Using
NH3 to getter Si from the gas stream, we have been able to grow even thicker
buffer layers [2]. The ability to grow undoped buffer layers by the addition
of NH3 to the gas stream has been described in the literature [2]; we have,
however, succeeded in growing thicker layers than that achieved previously.

It is planned to grow Fe-doped buffer layers in the next program phase.
Implant conditions for obtaining a 1-pum-deep, uniformly doped (2881)
n-layer in SI GaAs were worked out. Several wafers were implanted at energies
of 40, 120, 280, 500, and 900 keV. The implantations at 500 and 900 keV were
carried out in a Van de Graaf machine. Preliminary SIMS (secondary ion mass
spectroscopy) data show a reasonably uniform donor atom profile. The evalua-
tion of high-energy multiple implanted layers by SIMS, van der Pauw, and C-V

techniques is being carried out.*%*

1. S. T. Jolly et al., Epitaxial Growth of Semi-Insulating GaAs, Annual
Report, Contract N00064-77-C-0542, DARPA Order No. 3441 BASIC, Program
Code 7D10, March 1978.
2. 'G. B. Stringfellow and G. Horn, "Hydride VPE Growth of GaAs for FETs,"
J. Electrochem. Soc. 124, 1806 (1977).

*Crystal Specialties, Inc., Monrovia, CA.

**Supported in part by the Office of Naval Research under Contract No.
N00014-78-C-0367.




The annealing of GaAs using high-power pulsed lasers for removing lattice
damage is being investigated. Both Nd:glass (photon energy 1.17 eV) and ruby
(photon energy 1.78 eV) laser radiation are being studied. Since the photon
energy of the Nd:glass laser is less than the bandgap (1.4 eV at 300 K) of
GaAs, the optical absorption at the Nd:glass laser wavelength is strongly de-
pendent upon the amount of impurities and lattice defects produced by implanta-
tion. Optical absorption measurements show that the damage-enhanced absorption
at n = 1.06 pm increases with implant dose. This enhanced absorption is greatly
reduced following Nd:glass laser anneal as a result of lattice reordering. Our
results show that the electrical activation is greatly enhanced by laser annealing

14at./cmz. The sheet carrier

for samples implanted with doses higher than 3x10
concentration determined by van der Pauw measurement is two to five times higher
than that of similar samples annealed thermally. The impurity distribution
profile measured by SIMS technique shows no appreciable redistribution as a
result of laser annealing up to laser energy density of 1 J/cmz.

The photon energy of the ruby laser radiation, on the other hand, is
higher than the GaAs bandgap and is thus strongly absorbed at the surface.
Annealing experiments were carried out on samples implanted at 70, 100, and
14 and lxloléat./cmz. The Q-switched

ruby laser was operated with an output energy density between 0.5 and 2.3 J/cm
14

200 keV with doses ranging between 1x10
2

at./cm2

per 30-ns pulse. Sheet carrier concentration density of up to 6.25x10
with an activation efficiency of 20.8% was measured on high-dose implanted
samples. These results are more than an order of magnitude higher than that
for similar samples annealed thermally. Higher activation efficiencies (45 to
56%) and higher mobilities (830 to 1350 cmz/V—s) were measured in samples im-

14 to 5x1014at./cm2). The sheet resistances

planted at lower dose levels (1x10
were typically four to five times lower than that for thermally annealed samples.
The lowest sheet resistance measured was 20.8 Q/O. Ohmic contacts were obtained

with AuGe/Ni/Au metallization evaporated at room temperature without alloying.

Characteristics of ohmic contacts made to laser-annealed samples are being
studied further. Forming good ohmic contacts on GaAs without alloying is ob-
viously of great interest in device and integrated circuit fabrication. SIMS
measurements show that no impurity redistribution occurs for energy density of
1 J/cm2 or less. Annealing with a laser energy density of 2.3 J/cmz, however,
shows significant redistribution. It is believed that this is a result of

damage-enhanced diffusion.
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A minicomputer-controlled DLTS system for rapid and accurate evaluation
of deep traps was set up. The key feature of our measurement system is that
the capacitance trarsient is acquired, digitized, and stored for data manipula-
tion. This provides a degree of flexibility that cannot be realized with analog

schemes. Preliminary trap measurement data are presented.




SECTION II
EPITAXIAL GROWTH OF HIGH-RESISTIVITY GaAs

A. INTRODUCTION

The work described in this section is a continuation of work described
in the previous report [1]. Several chromium-doped epitaxial layers and
several device wafers with chromium-doped buffer layers were grown. Attempts
to transport chromium using metallic chromium and a dilute mixture of chlorine
in helium were unsuccessful.

During this period, the gas-feed system described in our previous report
developed a number of intermittent defects (probably small leaks) which made
consistent and reproducible performance of the reactor difficult. To overcome
these difficulties, a new gas control system has been acquired from Crystal
Specialties, Inc. This system, which is now operational, is programmable and
automatically controlled; it has improved methods of gas flow control and
timing. This gas system has been coupled to a 5-cm bore reactor which is
capable of growing on substrates up to 3.5x3.5 cm2. The furnace incorporates
two sodium-filled heat pipes to maximize temperature uniformity and repeat-
ability in both the deposition and reaction zones.

An arsenic trichloride vapor-phase GaAs growth system was modified to
permit introduction of a dilute mixture of chromyl chloride into the gas stream.
It also permits the use of other gases which may have application in the deposi-

tion of high resistance on semi-insulating GaAs.

B. NEW REACTOR SYSTEM

1. GaAs Flow Control

Gas flow rates are controlled by varying the pressure applied to pieces
of stainless-steel capillary tubing whose length is chosen so that the center
value of gas flow required is obtained when approximately 50 psi is applied to
it. These are coupled to 0- to 100-psi pressure controllers. This system is
of particular advantage when dealing with corrosive gases or with low flow rates
on the order of 5 cm3/min or less. Accurate timing of gas introduction is ob-
tained by the use of pneumatically controlled valves which are sequenced by a
programmer. The programmer outputs are preset and stored prior to a run. When

repeat runs are needed, the program can be easily addressed.
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2. Reactor Construction

The reactor tube assembly has been modified to give more thorough contact
of the HCl to the Ga in the reactor zone. This modification prevents back-
diffusion of arsenic and dopants into the gallium. Also the constructicn of
the inlet end has been modified to reduce the possibility of leaks or diffusion
of contaminants through demountable connections.

The reactor tube is surrounded by two sodium-filled heat pipes to increase
temperature uniformity and repeatability. To avoid the necessity of cooling
the system between runs, the furnace can be rolled away to cool the deposition
zone. The reactor tube is flushed with pure N2 from a liquid nitrogen source

before introducing or removing the substrate.

C. EXPERIMENTAL RESULTS

1. Epitaxial Growth of Cr-Doped Layers

In the early part of this program phase, the effort on epitaxial growth
of Cr-doped layers in reactor A [1] using Cr02C12 as the doping gas was con-
tinued. Figure 1 shows a two-point probe I-V characteristic of wafer A447.
This wafer has -a 5-ym-thick epitaxial layer grown on an SI GaAs substrate.

The leakage current in the dark was about 2 pA at 1400 V. The top trace shows

the increase in current when the sample is illuminated by a microscope lamp.

Figure 1. Two-point probe I-V characteristic of wafer A447. Top
trace with illumination; bottom trace in dark.




Figure 2 shows similar traces for run A448. Figure 2(a) shows the dark and
illuminated characteristic for the starting substrate while Fig. 2(b) shows

similar traces after the growth of 11 pm of Cr-doped epitaxial layer.

(a)

(b)

Figure 2. (a) Dark and illuminated two-point probe I-V characteristic
of starting substrate. (Nikkei Kako 4418). (b) Similar
characteristics of Cr-doped epitaxial layer A448.

Several thin n-type layers were grown on top of Cr-doped epitaxial buffer

layers. These layers were grown in situ. Some examples are listed in Table 1.




TABLE 1. WAFERS WITH EPITAXIAL BUFFER LAYERS

Parameter A436 A437 A441 A442
Buffer Thickness (um) 6.5 6.0 6.0 6.0
Active Layer (um) 1 1 1.5 1.5
Carrier Concentration (cm-3) 3x1016 1.5x1016 4x1016 1x1017
Room Temp Mobility 5745 6284 Not checked Not checked
77 K (v 17}

12820 15435 Not checked Not checked

Figures 3 and 4 show the carrier concentration profiles of wafers A436

and A437, respectively, as measured by an automatic impurity profiler.

5 and 6 show carrier profiles of A441 and A442 deduced from a conductivity

profile assuming an average mobility.
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Figure 3. Carrier profile of n-layer grown on Cr-doped

epitaxial buffer layer.

Run A436.

. : ; *
As discussed in our previous report, attempts to grow n layers on Cr-

Figures

doped epitaxial layers were unsuccessful. The grown layers showed an anomalous

diffusion of the n*-dopant. It was suggested* that this anomalous diffusion

*M. N. Yoder, ONR, Private Communication.
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was due to lattice damage due to excessive Cr concentration. Attempts to

measure Cr concentration in epitaxial buffer layers have been unsuccessful to

date. Based on these results, it was decided to attempt to reduce the background

carrier concentration in the reactor so that less Cr will be required to trap
the carriers and render the layer semi-insulating. It was therefore decided

to implement a new reactor design.

2. Reactor B

It was decided to design, fabricate, and make operational a reactor system
utilizing the Crystal Specialties gas control system, using a reactor tube and
furnace assembly capable of processing a large wafer. The first task was to

reduce the background carrier concentration in the reactor.

a. Gettering of Si Using NH3

A major source of residual donors in GaAs wafers grown in a quartz reactor

tube is silicon. It has been reported that the addition of NH, to the gas

3
stream removes Si in the form of Si3N4 and prevents incorporation of Si in

GaAs [2]. Under normal operating conditions, the background carrier concentra-

15 =3

tion obtained in reactor B is 2-3x10 " cm By introducing NH, into the gas

=3

’ 4 . 1
stream, n-layers with carrier concentration on the order of 10"~ cm ~ and lower




have been grown. By increasing the partial pressure of NH3, even p-type layers
have been grown. Equipment using very high impedance eiectrometers is being
developed to allow van der Pauw measurements on these high-resistivity layers.
We have grown high-resistivity layers 6 to 8 Mm in thickness; this is about
twice the thickness reported in the literature [2]. Figure 7 shows the two-

point probe I-V characteristic of two such layers.

(a)

(b)

Figure 7. Two-point probe I-V characteristic of (a) B173 and (b)
B233 in the dark. The wafers were grown with NH3 in the
gas stream.
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The effect of the NH3 'doped’' buffer layer can be seen by the comparison
of results obtained in runs B176 and B179. Run B176 is a 3.9-pm undoped layer

grown on 5.5-pm-thick NH, 'doped' buffer layer. Run B179 is a 5.5-pm-thick

3
undoped layer. The top 2.5 pm of B179 is an n-layer of the same carrier con-

centration (3x1015

cm-3) as the n-layer in B176 and the bottom 3 pym is a high-
resistivity layer ('undoped buffer') due to diffusion of acceptors from the SI
GaAs substrate [3]. Table 2 shows the result of a van der Pauw measurement.
Figures 8 and 9 show the doping profile of these wafers. A small number of

TELD and FET wafers have been grown for evaluation.

TABLE 2. VAN DER PAUW MEASUREMENT

300 K Mobility 77 K Mobility Ny - N,) cm >
2.-1 -1 2 <1 =1
(em™V s ) (cm™V "s 7) From CV Data
B176 7238 64,540 3x101°
B179 7151 43,690 3x101°
10 T T T T T T
» 8176 1
L .
3 I
= 0% =
R -
1 T
n 4
'o“ 1 1 1 1 L 1
| 2 3 4 5 6

DEPTH (um)

Figure 8. Carrier profile of undoped layer grown on buffer layer
generated by adding NH3 to gas stream. Buffer layer
is 5.5 pm thick.

3. H. M. Cox and J. V. DiLorenco, "Characteristics of an AsCl,/Ga/H, Two-
Bubbler GaAs CVD System for MESFET Applications," Proc. Sigth In%. Symp .
GaAs and Related Compounds; Inst. Phys. Conf. Series, No. 33b, London,
1977, pp. 11-22.
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Figure 9. Carrier profile of 5.5-pm-thick undoped layer. Top

2.5 pm is 3x1015 cm-3 and bottom 3 pm is an 'undoped'

buffer layer.

b. Effect of Carrier Gas Flow Rate

The background doping in reactor B as a function of the carrier gas flow
has been investigated [4]. It has been possible to reduce the carrier con-
centration by reducing the flow rate of the diluent H, in the reactor without

2

changing the flow rates of the active gases, viz., AsH3 and HC1l. Figure 10

shows the carrier concentration as a function of the flow rate. Wafer B287
had a thin (3.8 pm) layer which could not be profiled since the depletion

layer punched through to the substrate. Van der Pauw measurements indicate a

carrier concentration in the high lO13 cm-3

115,500 cmzv-ls-l. Wafer B288, a 7.5-pm layer, had carrier concentration of

4-5x10"" a3 with 300 X and 77 K mobilities of 7786 ca® vV 's"! and 114,800

cm2 V-ls-l, respectively. Of the 7.5 pym, 3 pm was 4-5x1014 cm-3

range with a 77 K mobility of

and 4.5 pm
was an 'undoped' buffer. Figure 11 shows the doping profile. It is planned to
introduce Cr0,Cl, to increase the resistivity of these layers. We are also in-

4 2
vestigating potential methods of Fe doping.

4. J. K. Kennedy et al., "Effect of H, Carrier Gas Flow Rate on the Electrical
Properties of GaAs in a Hydride System," J. Crystal Growth 24/25, 233
(1974).
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Figure 10.

Figure 11.
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D. Cr DOPING IN THE AsCl3/H2/Ga SYSTEM

Tests carried out so far have been unsuccessful. The surface condition

of the epitaxial layers produced is poor.

E. PLANS

Methods described in this report will be refined, and wafers will be grown

for device fabrication.

Chromium and iron doping tests will be carried out in the new AsH3/HC1/Ga
reactor and device wafers will be produced.

Methods of characterizing high-resistivity layers including improved

van der Pauw techniques will be implemented.
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SECTION III

ION IMPLANTATION

A. INTRODUCTION

One of the major reasons for the development of a technology for the epi-
taxial growth of SI GaAs is to use this layer as starting material for ion
implantation. If high-quality, high-resistivity epitaxial layers can be re-
peatably grown on a variety of commercial bulk-grown SI substrates, more
reproducible results can be obtained by ion implantation. We are currently

investigating implantation of 288i over an energy range of 50 keV to 1.6 MeV

into both commercial semi-insulating GaAs and into epitaxial buffer layers grown

thereon. This implantation effort is supported in part with RCA funds and by
an Office of Naval Research supported effort (N00014-78-C-0367).

B. 50- TO 250-keV IMPLANTATION

Implantation in this energy range was carried out using the machine at RCA

Laboratories. The results obtained to date are described below.

1. Post-Implant Anneal

The post-implant annealing of GaAs to remove implantation damage and
activate the implanted species is generally difficult since GaAs tends to
dissociate at the commonly used anneal temperatures of 800 to 900°C. Dielec-
tric encapsulation (SiOz, Si3N4, AIN, etc.) has been used to prevent dissocia-
tion, but this often results in poor wafer surface due to outdiffusion of Ga
or As into the encapsulant or uncontrolled indiffusion into GaAs. This is
particularly detrimental to the high-quality layers required for GaAs FETs and

planar Schottky varactors. We have developed a method for annealing implanted

wafers without encapsulation under arsenic overpressure. This procedure has

been very successful, and implanted wafers with excellent surface morphology

have been obtained.

2. Carrier Concentration, Mobility, and Activation Efficiency

Implanted samples were characterized by sheet resistance and Hall measure-

ments. Table 3 shows results obtained on S-implantation to generate n- and

n+-1ayers. The samples marked with a star describe implantation into epitaxial

15
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buffer layers (high resistivity) grown on SI GaAs substrates. In general,

implantation into epitaxial-buffer layers leads to more consistency and superior

mobility for a given carrier concentration. When the uibstrate is of good

quality (sample 45E), results comparable to implantation into epitaxial-buffers
are obtained.

Figure 12 is a plot of the 300 K electron mobility of a number of implant
runs. Theoretical curves for various compensation factors are also shown.
Figure 13 is a plot of the average carrier concentration as a function of im-

plant dose. Note the saturation at higher dose levels. All implants were

annealed without encapsulation under arsenic overpressure at 825°C for 20

minutes. The surface morphology of annealed wafers was excellent.

LR I LT O DL UL RN 0 L LR BN i A O T )

SHES S~ IMPLANTATION

6000

4000

MOBILITY,u (cm2/V-sec)

2000
N*+N-
__.“_lo

o VY SO O 116V 1) SO U o 14 o 1 0 O TSI COMERY o 0 s 0] L) LSy N
o' 10'e 10" 10'® 10'®

FREE ELECTRON CONCENTRATION, n (cm~3)

Figure 12. Mobility vs (ND - NA) for S implantation.

Table 4 summarizes the implantation of 288i into GaAs, using the same
format as in Table 3, and basically the same conclusions apply. The major dif-
ference between implantation of S and Si is that Si-implanted layers are more
reproducible and follow LSS theory more closely. Figure 14 shows the carrier
density-implant dose curve for Si-implantation. The data point indicated by
the unfilled circle was annealed at 1000°C. The remaining data points corre-

spond to annealing at 825°C. The anneal time was 20 minutes in all cases.
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3. Carrier-Concentration Profile

Figure 15 shows the carrier concentration density profile of a Si- im-
planted sample as measured on automatic C-V impurity profile equipment. The

2at./cm2 and 200 keV, respectively.

implantation dose and energy level are 3.5x101
The distribution is nearly Gaussian with a peak occurring at a depth of 0.17 um
below the surface and a standard deviation of about 0.07 pm. Figure 16 shows
the profile of a multiple Si-implanted sample obtained from C-V measurement.
The doping density toward the surface was increased by the low-energy implanta-

tion to result in a nearly constant carrier concentration distribution.

8
10 T T T T ¥=| =

T % ¥

SAMPLE A49A
(Si -IMPLANTED)
200 keV
35x10'2 em-2
825°C

20 min ANNEAL

g
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~
| it el 0 3 1

T

CARRIER CONCENTRATION (cm-3)
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= e

T

10'® 1 1 1 (AR
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Figure 15. Carrier profile for single-energy Si implant.

4. Contact Resistivity Measurement

Contact resistivity of ohmic contacts made onto GaAs has been reported to
be inversely proportional to the carrier density of GaAs. The contact resis-
tivities of Au-Ge ohmic contacts on ion-implanted GaAs with different dose
levels were studied by use of the TLM technique. Contact resistivity of

8)(10-7 Q-cm2 was measured on heavily implanted samples, and 2-5):10-5 Q-cm2 on
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Figure 16. Carrier profile for dual Si implant.

lightly implanted samples. The carrier concentrations of the high- and low-dose

3 and 1-2x1017/cm3, respectively. The much lower con-

samples were 1-2x1018/cm
tact resistivity of heavily implanted samples indicates that selective implanta-
tion can be applied in the device processing to minimize contact resistance.
Results of measured contact resisitivity and sheet resistance on a number of

sulfur- and silicon-implanted GaAs samples are shown in Table 5.

C. HIGH-ENERGY IMPLANTATION

High-energy (>500 keV) implantation of 2881+ into semi-insulating GaAs
substrates was performed using a 3-MeV (max) Van de Graaf implanter equipped
with a cold cathode discharge ion source. This machine is located at the Fusion
Energy Corporation, Princeton, NJ. Three batches of samples were implanted.

Initial results being analyzed are very encouraging.
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1. Implantation Conditions

5at./cmz) implanted at

The first batch of samples was high-dose ('\-3x101
energy levels from 600 keV to 1.2 MeV; the second batch was implanted at 1 MeV
with doses varying from 1.5x1013 to 5.0x10153t./cm2; and the third batch was of
multiple implantations at several energy levels in an attempt to obtain a 1-pm
flat profile. The implant conditions were worked out for forming 1-pm-deep
Si-doped layers in GaAs with nearly constant doping throughout the layer.

Five implants ranging from 40 to 900 keV are used to construct this layer.
A calculated plot of the expected doping profile is shown in Fig. 17 using a
linear ordinate scale and in Fig. 18 using a log ordinate scale. Figure 19
shows plots of Rp and ARp obtained either experimentally from SIMS measurements
on implanted wafers or calculated using the Gibbons and Johnson implementation
of the LSS theory and the electron stopping power data of Northcliffe and
Schilling. At this time, the calculated Rp and ARp values do not agree very
well with experimental data. We therefore used extrapolated experimental curves
for the determination of implant parameters to obtain a flat profile. Table 6

summarizes the implant conditions.

2. Evaluation of Implanted Wafers

The implanted GaAs wafers are being analyzed by SIMS, van der Pauw measure-
ments, and differential C-V measurement. Figure 20 shows the SIMS profiles of
the high-dose, single implantation. The profiles clearly show the depth depen-
dence of Si atoms introduced into GaAs on the energies used. The projected
ranges are, however, higher than those computed as indicated in Fig. 19. Follow-
ing thermal annealing at 825°C for 20 min, sheet resistance and Hall measure-
ments of the high-dose (3x1015at./cm2) implanted samples show that the mobilities
vary between 1500 and 2200 cmZ/V-s and the sheet resistances lie between 44 and
110 Q/0. After thermal annealing at 970°C for 20 min, sheet resistances of
27 and 22 Q/0 with corresponding mobilities of 1500 and 1320 cm2/V-s were
measured. These results are comparable or better than those achieved with low-
energy implantation. The samples were encapsulated with 2000-8-thick sputtered

Si3N4 during thermal annealing in a N, atmosphere. Figure 21 summarizes these

2
results on high-energy single implants being evaluated to date.
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P max
TABLE 6. IMPLANT CONDITIONS FOR FLAT
PROFILE OF Si IN GaAs
Energy
(kev) 40 120 280 500 900
Rp(um) 0.0466 0.1375 0.3195 0.5500 0.8860
ARp(um) 0.0199 0.0600 0.1050 0.1500 0.1900
N (en~2)] 9.47x10" | 9.08x10"%| 7.23x10'% 7.26x10"° | 9.09x10"°
Niose 4.70x10™ | 1.35%x10%%| 1.9x10%% | 2.73x10%% | 4.33x10%°
(em~2)
Dose No. 303.6 872.0 1227 550.2 872.6
Scale 6E-6 6E-6 6E~-6 6E-6 6E-6
st 2
Area = 24.19 cm Area = 7.56 cm
(Labs machine) (FEC machine)

Total Dose = 1.08x1016/cm2

Conc. Level = 1.00x1020/cm3
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A differential C-V technique was used in evaluation of electron density
profiles of low-dose, high-energy implanted samples. This technique consists
of a combination of C-V measurements and controlled layer removal by chemical
etching. Figure 22 shows the depth distribution of carrier concentration
measured using this technique. The circular points are normalized data from
SIMS measurement on a high-dose, single-implanted (600 keV) unannealed sample.
The double-hump behavior is a result of lack of an implantation in the middle
(300 to 500 keV) energy region. Sheet carrier concentration and Hall measure-
ments on the sample show that the overall mobility was 3633 cmz/V-s, the sheet

12at./cmz, and the activation efficiency was

carrier concentration was 9.2x10
27.5%. Experiments are being continued on annealing and analyzing the remain-

ing single and multiple high-energy implanted samples.
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Figure 22. Composite doping profile and normalized SIMS data
for multiple implantation.

Figure 23 shows the SIMS profile of high-dose multiple implanted wafers.

Table 7 shows the implantation parameters for H-24, H-25, and H-28. These pro-
files were obtained before annealing. Note that profiles of H-24 and H-28 are in

reasonable agreement with the shape of the calculated profile in Fig. 17. H-25

is much thinner than expected, and further studies are being carried out.
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Figure 23. SIMS profile for multiple implants. See Table 7
for implant conditions.

TABLE 7. MULTIPLE IMPLANT PARAMETERS

H-24 H-25 H-28

Energy (keV) Dose (cm-z) Energy (keV) Dose (cm-z) Energy (keV) Dose (cm-z)
40 1.4x101* 40 4.7x1013 40 4.7:101%
120 4x10 120 1.35x10'3 120 1.35x10"°
280 5.7x101% 280 1.9x10%% 280 1.9x10%°
500 8.2x10"% 500 2.7x101% 500 2.7x10%°
900 1.3x10%° 900 4.3x10" 900 4.3x10"°

Figure 24 shows the SIMS profile for 1-MeV implantation at three doses.

This will be used to calibrate and obtain dose-peak concentration data.
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Figure 24. SIMS profile for 1-MeV implantation at three
dose levels.
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SECTION IV

LASER ANNEALING OF ION-IMPLANTATION GaAs

Recent research has shown that laser annealing is an attractive alternative
to thermal annealing for removing lattice disorders created by ion implantation.
It has been demonstrated that it is possible to anneal post-implant damage using
a narrow single pulse (or pulses) of laser radiation [5-9], a scanning cw
laser [10], or a scanning pulsed laser [11,12]. We are investigating the use of
high-power pulsed Nd:glass (1.17 eV) and ruby (1.78 eV) laser radiation to anneal
ion-implanted GaAs. The proton energy of the Nd:glass laser (1.17 eV) is less
than the bandgap of GaAs (1.4 eV at 300 K). The optical absorption in GaAs at
the Nd:glass laser wavelength is therefore strongly dependent upon the amount
of impurities and lattice defects produced by implantation. In contrast, radia-
tion at the ruby laser wavelength is strongly absorbed by GaAs. The results ob-
tained to date are now described. (This work was supported in part by the Office

of Naval Research under Contract No. N00016-78-C-0367.)

5. E. I. Shtyrkov, I. B. Khaibullin, M. M. Zaripov, M. F. Galyatudinov, and
R. M. Bayazitov, '"Local Annealing of Implantation Doped Semiconductor
Layers," Sov. Phys. Semicond. 9, 1309 (1976).

6. S. U. Compisano, I. Catalano, G. Foti, E. Rimini, F. Eisen, and M. A.
Nicolet, "Laser Reordering of Implanted Amorphous Layers in GaAs,'" Solid-
State Electron. 21, 485 (1978).

7. R. T. Young, C. W. White, G. J. Clark, J. Narayan, W. H. Christie, M. Murakami,

P. W. King, and S. D. Karmer, '"Laser Annealing of Boron-Implanted Silicon,"
Appl. Phys. Lett. 32, 139 (1978).

8. S. G. Liu, C. P. Wu, and C. W. Magee, "Annealing of Ion-Implanted GaAs with
Nd:Glass Laser," presented at the Symp. on Laser-Solid Interaction and Laser
Proceeding (SLSILP) held in Boston, MA, Nov. 28-Dec. 1, 1978. Proceedings
in press.

9. B. J. Sealy, M. H. Badawi, S. S. Kular, and K. G. Stephens, "Electrical
Properties of Laser-Annealed Donor-Implanted GaAs," Electron. Lett. 14,

720 (1978).

10. A. Gat and J. F. Gibbons, "A Laser-Scanning Apparatus for Annealing of
Ion-Implantation Damage in Semiconductors," Appl. Phys. Lett. 32, 142
(1978).

11. W. L. Brown, J. A. Gdovchenko, K. A. Jackson, L. C. Kimerling, H. J. Leamy,
G. L. Miller, J. M. Poate, J. W. Rodgers, G. A. Rozgonyi, T. T. Sheng,

T. N. C. Venkatesan, and G. K. Celler, "Laser-Annealing of lon-Implanted
Semiconductors,'" Proc. on Rapid Solidification Proc. - Principles and
Technologies, Reston, VA, Nov. 1977.

12. R. Tsu, J. E. Baglin, G. J. Lasher, and J. C. Tsang, '"Laser-Induced Damage
and Recrystallization of Ion-Implanted GaAs by Frequency-Doubled Nd:Yag
Laser," Presented at SLSILP (c.f. Ref. 8).
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A. Nd:GLASS LASER ANNEALING

Semi-insulating GaAs substrates of (100) orientation were implanted under

288.+ 12

high vacuum with i at 70 or 200 keV and fluence between 3x10 and

3x1015 at./cmz. The wafers were polished on both sides and chemically etched
prior to implantation. Following implantation, the 0.04-cm-thick wafer was
cleaved to samples approximately 0.7x0.7 cm for laser annealing experiments.
The Nd:glass laser was operated with an output energy density of between 0.2
and 2.5 J/cm2 per pulse (25 ns). The corresponding power density lies between
8 and 100 MW/sz. The diameter of the laser beam is 2 cm.

Figure 25 shows comparative results of sheet carrier concentration density
for Nd:glass laser and thermally annealed samples with implanted 2851 doses be-

tween 3x1012 and 3x1015at./cm2.

The energy density of each laser pulse used in
the annealing is indicated by crosses in the figure; it varies between 0.5 and
) J/cmz. All experiments were performed using single pulses. Figure 25

also shows that the electrical activation is greatly enhanced by laser annealing

for samples implanted with doses higher than 3x10laat./cm2. The sheet carrier

concentration density NS as determined by van der Pauw measurement is two to
five times higher than that of samples thermally annealed at 825 or 1000°C for
20 min. For example, mobilities for laser-annealed samples are 253 cmz/V-s at
a sheet carrier concentration of 1.91x1014at./cm2 and 529 cm2/V-s at 1.25x1014
at./ca’, compared with a mobility of 1392 cw2/V-s at 2.9x10'st./ca® and 1881
cmZ/V-s at 2.8x10133t./cm2 for similar samples annealed thermally. The low
electrical activation at a lower dose level for a given pulsed laser energy may
be attributed to the reduction in enhanced optical absorption. The dependence
of optical absorption on the implant dose was studied by optical absorption
measurements.

The optical absorption in the sample was measured by spectrophotometry.
The transmission through the sample and the reflection from the sample were
measured on a Cary spectrometer in the 7000~ to lZ,OOO-X wavelength range. The

absorption at a given wavelength (e.g., 1.06 pm) is calculated by the expression:
/S SO R
where A, T, and R are, respectively, absorption, transmission, and reflection

which are all absolute values and are expressed in percentages. The enhanced

absorption due to implantation damage is equal to A-Ao, where A0 is the absorp-

tion through the unimplanted sample. At 1.06-pm wavelength, the measured value
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Figure 25. Comparison of thermal and laser annealing; 1.06-pm,
25-ns single-pulse (Nd:glass) laser was used.

of A0 was typically 0.1. The reflectance was measured wifh reference to an
aluminum mirror, and the absolute value is obtained through calibration. At
1.06 pm, the reflectance of aluminum on glass is 0.862.

Figure 26 shows the reflectance measured on an as-implanted wafer and on
the same wafer laser-annealed at an energy density of 0.34 J/cmz. Because of
the enhanced absorption in the as-implanted layer, the reflection is affected
only by the front (implanted) surface. Consequently, the reflectance forms a
continuous line as it passes through the absorption edge as shown in Fig. 26(a).
In the case of the annealed sample, restored lattice order reduces the enhanced
absorption in the implanted layer. As a result, the reflectance spectrum forms
a step [Fig. 26(b)] as the optical wavelength passes through the band edge of
GaAs, because the reflection is greatly enhanced in the long-wavelength range
due to multiple reflection from the polished sample back surface.

The transmittance through an ion-implanted sample before and after annealing
is shown in Fig. 27. The gradual increase in absorption from the long-wavelength
side toward the absorption edge in the as-implanted sample is a band-tailing
effect produced by impurities. The transmittance at 1.06-pm wavelength changes
from 0.170 for the as-implanted sample to 0.457 after laser annealing at 0.68

J/cmz. The enhanced absorption (A - AO) can be evaluated from the expression
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given earlier. Figure 28 shows the measured values of transmittance, reflec-
tance, and enhanced absorption for as-implanted samples at different dose levels.

The implantation-enhanced absorption increases with the implant dose.
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Figure 28. Optical transmission, reflection, and enhanced
absorption of as-implanted GaAs samples as a
function of implant dose.

B. RUBY-LASER ANNEALING

Similar experiments were carried out using a high-power pulsed (30 ns)
ruby laser. Figure 29 shows results of sheet carrier concentration density for
ruby-laser annealed and thermally annealed samples. Laser annealing experiments
were carried out on samples implanted at 70, 100, and 200 keV with doses ranging
between 1x1014 and lx1016at./cm2. The Q-switched ruby laser was operated with
an output energy density of between 0.5 and 2.3 J/cm2 per 30-ns pulse. The
data points shown in Fig. 29 are for laser energies of 1.7 and 2.3 J/cmz. It
should be noted that the energies shown are higher than those shown in Fig. 25.
Sheet carrier concentration density of up to 6.25x1014at_./cm2 with an activa-
tion efficiency of 20.8% were measured on high-dose implanted samples. These
results are more than an order of magnitude higher than those for similar samples

annealed thermally. Higher activation efficiencies (45 to 56%) and higher
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mobilities (830 to 1350 cmz/V-s) were measured in samples implanted at lower
dose levels (1x1014 to 5x1014at./cm2). The sheet resistances were typically
four to five times lower than those for thermally annealed samples. The lowest
sheet resistance measured was 20.8 /0. Ohmic contacts were obtained with

AuGe/Ni/Au metallization evaporated at room temperature without alloying.

Figure 30 shows the I-V characteristics between unalloyed ohmic contacts.
Characteristics of ohmic contacts made to laser-annealed samples are being
studied further. Forming good ohmic contacts on GaAs without alloying is ob-

viously of great interest in device and integrated-circuit fabrication.

C. SIMS MEASUREMENT AND SURFACE MORPHOLOGY STUDY

Impurity distribution in as-implanted, thermal-annealed, Nd:glass laser-
annealed, and ruby laser-annealed samples have been investigated with the SIMS
technique. Figure 31 shows SIMS profiles of a sample before and after thermal
annealing (825°C, 20 min) under As overpressure. These data show that there
is no measurable impurity redistribution due to the thermal anneal procedure
used. Figure 32 shows the result of a sample implanted with a dose of 1x1015

at./cm2 at an energy level of 70 keV, before and after irradiation with a
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Figure 30. I-V characteristic of unalloyed AuGe ohmic con-
tacts on laser-annealed ion-implanted GaAs.
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Figure 31. SIMS study of thermal annealing.
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Figure 32. SIMS measurement on laser-annealed sample.

0.34-J/cm2 Nd:glass laser pulse (25 ns). Again there is no evidence of im-
purity redistribution. Figure 33 shows the result of a sample implanted with a
dose of 3x10153t./cm2 at an energy level of 200 keV after thermal annealing
(825°C, 20 min), laser annealing with a 1.0-J/cm2 ruby laser pulse (30 ns), and
before annealing. Note again the absence of impurity redistribution.

Figure 34 shows the result of a sample implanted with a dose of 1x1016at./cm2
at an energy level of 70 keV after thermal annealing (825°C, 20 min), ruby an-
nealing at an energy density of 2.3 J/cmz, and before annealing. The impurity
profile of the laser-annealing sample at an energy level of 2.3 J/cm2 shows sub-
stantial broadening compared with both thermal-annealed and as-implanted samples.
Note also that there is evidence of impurity redistribution in the thermally
annealed sample. The anomalous shoulder broadening following laser annealing
in high-dose samples is believed to be associated with damage-enhanced diffusion.

The SIMS study shows that the amount of impurity redistribution seems to de-
pend upon the energy and dose of implantation, and the energy density of the
laser beam. This result suggests that melting occurs near the surface region
when high-dose samples are irradiated with a high-energy density pulse, and
the substantial broadening in impurity distribution is a result of diffusion

in liquid GaAs.
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SEM photographs of samples irradiated with a high-energy density pulse
(23 J/cm ) shows no detectable structures on the surface microscopically at 20K
magnification, Fig. 35(b), although the sample surface appears wavy to the
naked eye. A Nomarski interference contrast micrograph, Fig. 35(a), shows an un-
even rippled surface. These results suggest that melting and epitaxial regrowth
are associated with annealing of GaAs by high energy-density laser pulse. Simi-
lar ripples [11] were observed on laser-annealed silicon surfaces and it was
suggested that the ripple formation occurs when the melting threshold is periodi-
cally exceeded. Examination of high-dose implanted GaAs samples irradiated with
a laser pulse of l-J/cm2 SEM reveals a fine structure, Fig. 36(b), on the sur-
face which does not appear on the as-implanted, Fig. 36(a), sample. The various
observed surface conditions created by different laser energy densities are be-

ing further investigated.

(a)

(b)

Figure 35. (a) Nomarski interference contrast. Ruby-laser anneal (2.3 J/cmz)
sample. (b) SEM of same sample at 20K magnification.
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(b)

Figure 36.

(a) SEM (x20K) of as-implanted sample.

(b) SEM
(x20K) of ruby-laser anneal (1 J/cmz) sample.
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SECTION V

TRAP MEASUREMENT

Since unwanted deep-level impurities (traps) influence the performance and
reliability of GaAs devices, the detection and identification of deep-level traps
are important steps toward material characterization. In ion-implanted GaAs
layers on SI GaAs, traps can occur due to diffusion of deep-level impurities
from the substrate, damage due to the implantation process that has not been
annealed, deviations from stoichiometry caused by loss of As or Ga during an-
nealing, etc. It is therefore desirable to measure trap energies, concentra-
tion, and their location in the ion-implanted layer. A minicomputer-controlled
trap measurement system which allows a reasonably rapid and accurate determina-
tion of traps present in semiconductors is being developed.

Investigation of traps in ion-implanted and epitaxial layers was initiated
in the course of the current program. One of the useful techniques for trap
measurement is the recently developed [13] DLTS (deep-level transient spectro-
scopy) method. This trap measurement scheme basically monitors the temperature
dependence of the exponential capacitance transient which results when a Schottky
barrier or a p-n junction is pulsed from a slight reverse bias to a larger
quiescent value, —VB. The basic reverse-biased pulse sequence (VB) and the ob-
served capacitance signal (C) are shown in Fig. 37 for n-type material.

When the reverse-biased voltage is reduced from its quiescent value, the
traps are filled by electrons. Some of the traps remain filled when the bias
is abruptly returned to its initial value, -VB at time t = 0. The measured
capacitance value is determined by the width of the depletion layer of the re-
verse-biased Schottky barrier or p-n junction. An increase in the depletion
layer width will cause a decrease in the measured capacitance. Trapping centers
in the depletion layer that are filled with electrons will cancel the contribu-
tions of an equal number of positive charges due to ionized donors in the de-
pletion layer. More positive ionized donors must therefore be included in the
depletion layer to balance the reverse bias applied to the Schottky barrier or
p-n junction. The effect of trapping centers filled with electrons is to in-

crease the depletion layer width and thereby decrease the measured capacitance

13. D. V. Lang, "Deep-Level Transient Spectroscopy: A New Method to Charac-
terize Traps in Semiconductors," Appl. Phys. 45, 3023 (1974).
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value. Thus, the capacitance value at t = 0 is slightly lower than its initial
value at the bias -VB. These trapped electrons have a certain probability of
being thermally excited from the traps, in which case they are rapidly swept
out of the depletion layer by the electric field. This leads to a reduction in
the width of the depletion layer producing a corresponding exponential return

of the capacitance to its initial value with a time constant 1 given by:

.
- OnvthNC exp[-(EC-ET)/kT] (1)

where on is the electron capture cross section, Yk is the thermal drift velocity
of electrons, NC is the effective density of states at the conduction band edge,
k is the Boltzmann constant, and T is the absolute temperature.

The magnitude, AC, of the capacitance transient shown in Fig. 37 is deter-
mined by the concentration of the traps present. The time constant 1 (as a
function of temperature) provides information on the energy level of the traps.

The slope of a plot of log t vs 1/T indicates the trap energy level (EC-ET).
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In the DLTS system under development, a Measurement and Control Processor
(HP-2240)* interfaced with an RTE Minicomputer System (HP-2100)* is being used
in conjunction with a capacitor bridge (PAR-410).** A block diagram of the
system is shown in Fig. 38. A pulse generator (HP-214)* periodically triggers
the PAR-410 capacitance bridge in a pulsed reverse~bias mode. If the sample
contains deep-level traps within the depletion region, an exponential capacitance
transient is detected by the PAR-410 and recorded by HP-2240. The HP-2240 is
able to record a maximum of 20 readings/ms. Once the data are recorded and
stored in memory, they can be processed by the RTE minicomputer using the corre-

lation linear-filtering techniques described by G. L. Miller [14].

TRIGGER
PULSE CAPACITANCE MEASUREMENT AND
GENERATOR BRIDGE CONTROL PROCESSOR
(HP214) (PAR-410) (HP 2240)

-
TEMPERATURE
CHAMBER MINICOMPUTER
HP 2100
RTE SYSTEM
TERMINAL PLOTTER

Figure 38. Block diagram of DLTS system.

The temperature of the sample is varied from 77 K up to about 450 K during
each measurement. As can be seen from Eq. (1), the capacitance transient time

constant T corresponding to any particular trapping level (EC-ET) is a function

“*Hewlett-Packard, Palo Alto, CA.
**Princeton Applied Research, Princeton, NJ.
14. G. L. Miller et al., "A Correlation Method for Semiconductor Transient

Signal Measurements," J. Appl. Phys. 46, 2638 (1975).
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of the absolute temperature T. A correlation technique is used to detect the
trapping levels by comparing the measured transient signal as a function of
temperature to a standard exponential decay function generated by the computer
for a selected time constant. The correlator output increases as the time con-
stant of the measured transient signal gets closer to the selected time constant
and decreases as the time constant of the measured transient signal becomes
shorter or longer than the selected time constant. Thus the presence of traps
at several energy levels is indicated by a series of peaks in the correlator-
output as a function of temperature. A rough estimate of the trap energy levels
can be obtained from the temperature at the peak. However, a more precise de-
termination requires a set of measurements of T over a range of temperature so
that a plot of log T vs 1/T can be made.

In this work, a computer program has been written to control the whole
system and carry out the necessary calculations. The associated temperature
measurement and control unit has also been completed. Initial experiments were
carried out on an Au-doped Si p-n junction to calibrate the DLTS system and
compare the results with those obtained from other systems. The correlation
with published results was excellent.

DLTS measurements were made on Schottky-barrier diodes deposited on several
ion-implanted and epitaxial GaAs wafers. Figures 39 and 40 show the DLTS spec-
trum of ion-implanted GaAs wafers A57-Bl1 and A49A, respectively. In the A57-Bl
wafer, 0.8- and 0.6-eV trap levels were detected, while 0.8-, 0.6-, 0.45-, and
0.3-eV trap levels were found in wafer A49A. Trap levels at 0.6 and 0.45 eV
have been reported by Hasegawa et al. [15,16]. Further study is required to
identify the 0.8- and 0.3-eV trap levels.

Figures 41 and 42 show the DLTS correlator-output spectra of epitaxial
GaAs wafers D-422 and D-457, respectively. Wafer D-457 has an undoped buffer
layer between the n-layer and substrate while wafer D-422 has no buffer layer.
It is interesting to note that the spectrum of D-422 shows the 0.6- and 0.45-eV
trap levels, but D-457 (which has a buffer layer) shows only the 0.45-eV trap
level. This might indicate that the absence of the 0.6-eV trap level in wafer

15. F. Hasegawa and A. Majerfeld, '"Majority Carrier Traps in n- and p-type
Epitaxial GaAs," Electron. Lett. 11, 286 (1975).

16. F. Hasegawa and A. Majerfeld, "Effect of Heat Treatment on the Nature of
Traps in Epitaxial GaAs," Electron. Lett. 12, 52 (1976).
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Figure 39. DLTS spectrum of ion-implanted sample A57-Bl.

Figure 40.
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DLTS spectrum of ion-implanted and thermally annealed sample
A49A. Vertical axis normalized so that peak amplitude is pro-
portional to trap density. Distinct traps at 0.6 and 0.8 eV,
possibly traps at 0.3 and 0.45 eV also.
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Figure 41. DLTS spectrum of epitaxial GaAs wafer (D-422). No buffer layer.
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Figure 42. DLTS spectrum of epitaxial GaAs wafer (D-457)

with undoped buffer layer.
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D-457 has something to do with the presence of the buffer layer. This example
demonstrates the utility of trap measurements. We will carry out a more detailed
study of traps in ion-implanted GaAs to aid in the development of annealing tech-
niques. The effect of various epitaxial high-resistivity buffer layers on epi-
taxy and ion implantation will be studied.

The key feature of our measurement system is that the capacitance transient

is acquired, digitized, and stored for data manipulation. This provides a de-

gree of flexibility that cannot be realized with analog schemes.
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