
([ic)

Studies on Deep Level Characterization

   Optoelectronic Device Application of

     Rapidly Thermal-Processed GaAs

and

AKIO KITAGAWA

January l991



                            ABSTRACT

     The nature and distribution of the electrically active

defects in rapidly thermal--processed (RTP) GaAs have been

investigated. The conductive GaAs layers formed by Si

implantation on the semi-insulating (S!) substrates and molecular

beam epitaxy (MBE) are characterized by a deep level transient

spectroscopy (DLTS) and an eZectro-chemical C-V method. The

liquid encapsulated Czochraiski (LEC) S! materials are

characterized by the X--ray topography and the contactless

measurement of a refiectance microwave prove rnethod (RMP) using

optically injected excess carrier. In LEC and horizontal

Bridgman GaAs the most dominant deep level is known to be the EL2

center which has the near-infrared optical absorption band.

Furthermore, in the present study the detection of EL2 by RMP

rnethod has been demonstrated by the numerical calculation. This

technique does not have a good spectroscopic naturet however,

this is a practical and useful technique to characterize the

distribution oÅí EL2 in SI GaAs wafers.
     In the si-implanted layers ( 2so kev, 2 x lo13 crn"2 dose ),

the residual defects produced by Si implantation are annealed by

RTP over 800 OC, and two deep levels of NI2 (Ec - O.55 eV) and

EL2 (Ec - O.78 eV) are detected.

     rn the MBE n--type layers, native defects in as-grown layer

are annealed out during RTP at 800 - 900 OC. On the other handr

two deep leveis of Nl (Ec - O.5 nu O.7 eV) and EL2 (Ec - O.82 eV)

are produced by RTP. The in-plane distributions of these deep

levels are determined by DLTS and RMP method.
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     These distribution patterns of EL2 and Nl in MBE layers and

LEC SI GaAs, which are produced by RTP at 800 OC, indicates that

the spatial variations of deep levels are caused by the thermal

stress developed as a result of small temperature gradient across

the wafer. rt is found that when the thermal stress are

effectively suppressed by the guard ring preventing the heat

transfer from the periphery of the wafer sampler the EL2

distributed uniformiy in the wafer and Nl is not produced by RTP.

     RTP is also applied to dope Zn acceptor frorn Zn-doped oxide

fiim to n-type GaAs. The p"n junction photodiodes fabricated by

RTP were characterized by the analysis of spectral response

curves and DLTS. The spectral response of photodiodes forrned by

RTP strongly depends on the heating rate. The diffusion

length of minority carrier in the n-type bulk region is degraded

by RTP with the rapid heating rate over 70 OC/s.

     Consequentlyr if the temperature gradient is suppressed

carefuily by the use of the guard ring placed on the wafer edge,

and the rnilder heating and cooling rates are employed to prevent

the therrnal stress, RTP at 800 OC or so is appropriate for the

GaAs device processing, such as the activation of ion implants,

defect annealing, and impurity diffusion to form shallow p+n

junctions.
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I. TNTRODUC']1'ZON

     The characterization of electrically active layers in GaAs

and semi--insulating (SZ) substratesr using some electrical and

optical evaluation techniques is the most important subject to

advance the GaAs device processing and to understand this

material. This study deals with the characterization of the

electrical properties on the conductive GaAs layers formed by the

Si implantationr molecular beam epitaxy (MBE) and Zn diffusion,

and the S! GaAs wafers grown by the liquid encapsuiated

Czochralski (LEC) method. rn particular, this study shows how

properties of these GaAs are changed during rapid thermal

processing (RTP).

     Recently, substantial attention has been given to RTP using

halogen lampst and the advantages of RTP over the conventional

furnace annealing have led to a great deal of research activity

in exploiting this technology.i-12) The significant advantages

of this thermal processing for the device fabrication are

produced by facilitating very short thermal treatment for few
seconds.13-16) For example, (1) it is expected that the dopant

and background impurity diffusion are minimized during annealing

implantation damage and activation of impianted dopants. rt has

been reported that rapidly thermal-annealed GaAs shows the high

electrical activation and electron mobility without noticeable

dopant diffusion and surface decomposition, and metal-

semiconductor field-effect transistors fabricated on the active

layer formed by RTP show good drain and gate characteristics and
high transconductance.17r18)
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     (2) A poisonous gas such as AsH3 may not be necessary for

capless annealing, to prevent the desorption of As from the GaAs

surface. rt has been reported that Si-irnplanted GaAs at dose of
about lo13 cm--2 after RTp at temperatures between sso and

975 eC in either Ar or Ar-H2 atmospheres shows essentially

identical electric characteristics as compared to 30-min

conventional furnace annealing under optimum conditions at 850 OC

using the controlled atmosphere techniquer and surface

degradation was rninimal for rapid thermal annealing with face-to-

face configuration, as compared to exposed Si02 encapsulated
surfaces.16)

     (3) Large anneaiing systems can be constructed by increasing

the number and the length of halogen lamps. (4) The diffusion of

rnodulation-doped impurity of GaAs/AIGaAs heterostructures into

the pure GaAs can be suppressed. :n the application to short

channel rnodulation-doped field-effect transistor, the mobility

and sheet carrier concentration decreases associated with RTP
below 8sO Oc are negligible.19) zn addition, (s) it is expected

that the depth of the shallow pn junctions is exactly controlled

by RTP--conditions, such as diffusion temperature, hold time,

heating or cooiing rates.20)

     RTP, however, involves rapid heating and cooling processes,

so that there is a possibility that some native defects and those

compiex are introduced or annihilate in substrates and active
layers during RTp.21-26) since the deep levels relating to those

defects in semiconductors act as generation--recombination-
trapping centers,27) and generauy have profound influence on
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device performance,28,29) the effects of RTp on deep levels

should be paid attention.30-55)

     :n this thesist the experimental results and discussions are

divided into four parts (Chap.II - V) from the points of view of

the experimental techniques and device application, as follows.

     !n Chap. IT, the electrical characteristics of deep ievels

in active layer and the distributions of deep levels in the wafer

sarnple are given for Si-implanted and RTP-GaAs.

     The thermal stability and the distribution of deep levels

during RTP in Si-doped n--type GaAs layers grown by MBE are shown

in Chap. rlZ. In this chapter, the RTP-induced thermai stress in

the GaAs wafer is also discussed and the distributions of its

intensity are calculated using the elastic modei in order to

inspect the origin for spatial distribution of deep levels across
the wafers.56'62) The concentration and thermal ionization

energy of deep levels can be determined by deep level t'ransient
spectroscopy (DL[ps).63) DLTs is commonly used to represent the

investigation of deep levels, because this method is very

convenient for deterrnining the parameters of deep levels :

electron and hole capture rates and emission ratesr their energy

level positions, and their concentrations, which cornpletely
characterize the carrier recombination properties.64-66)

Furthermore, it is spectroscopict sensitive, and rapid and easy

to analyze. However, it is difficult to characterize the deep

levels in Sr materials, because DLTS is applied to pn junctions,

Schottky-barriers, which may be on the superlattice, or rnetal-
insulator-semiconductor structure.67-70) sT GaAs crystal is

gaining favor as a direct ion irnplantation substrate in the
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fabrication of high-frequency field-effect transistors (FET) and
integrated circuits (rc).17'18'69'71) The FET threshold voltage

depends on both the carrier concentration and the thickness of

the active layer. Thus, the in-plane uniformity of electrical

activation efficiencyr which is fluctuated by the distribution of

the dislocation and point defects, should be controlled precisely
to reaiize GaAs !c with high yield.72-78)

     Tn Chap. :V, the dorninant ntd gap defect in S: GaAs wafers

are characterized by the contactless measurement of reflectance

microwave probe method using opticany injected carrier.79,80)

The optical injection of carriers in GaAs by the below-gap

excitation is discussed.

     The diffusion of Zn with the use of RTP is appiied to form

the p+n junctions. The spectral responses of p+n photodiodes

fabricated by RTP are analyzed, and the reiation between depth

profiles of impurity concentration and spectral responses of

photodiodes is discussed in Chap. V.

     Finailyt conclusions and suggestions for possible extensions

of the study are given in Chap. Vr.
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rr. CHARACTER:STrCS OF DEEP LEVELS rN Si-rMPLANTED GaAs LAYERS

ACTrVATED BY RAPZD THERMAL PROCESSTNG

2.1 Introduction

     Characteristics of deep levels in donor ion-impZanted semi-

insulating (SI) GaAs substrates have been reported by several
investigators,1-5) since ion implantation into s: substrates

has been widely used for fabrication of GaAs metal-serniconductor

field-effect transistors and integrated circuits. :n these

reports, the conventional furnace processing (FP) has been

performed at temperatures of 800-860 eC for 20 min for dopant

activation.lr2,4) However, it has been reported that the

redistribution of the implanted ions6) and the compensation deep

centers cr acceptor and EL2 donor7'9) is caused by Fp.

     Recently, rapid thermai processing (RTP) has been

successfuily used to activate implanted impurities in GaAs and

has been reported to have several advantages over conventional
furnace processing.3,1O'11) Kohzu, Kuzuharat and TakayarnalO)

have shown that n-type GaAs activated by RTp (loo kev, s x lo12

cm-2 dose) has higher peak carrier concentration and steeper

carrier profile than the FP sample. For n+-type GaAs (150 keV, 5

x lo13 cm-2 dose), they have reported that carrier concentration

and mobility profiles for the RTP sample are almost the same as

those for the FP sample. rt is inevitable to characterize deep

levels in ion-implanted and rapidly therrnal-anneaied Sr GaAst

since the rapid heating and cooiing during the RTP may produce
some defects which are different frorn those in Fp samples.12)
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Dhar, seo, and Bhattacharya3) have previously reported the

resuits of deep level transient spectroscopy (DLTS) rneasurernents

for traps present in Si-implanted GaAs activated with RTP using

halogen lamps by adopting a two-step annealing procedure. In

this chapter, The results of a study on deep ievei traps present

in Si-implanted GaAs activated by RTP using halogen lamps are

presented. rn particulart we have studied the dependence of the

trap concentration upon the RTP temperatures and upon the Cr impurity

in the substrates. Furtherrnore, the stabiiity of midgap eiectron

trap (EL2) is discussed. Cernparison is also made between RTP and

FP samples.

2.2 Experimental techniques

     The substrates used in this study were (100)-oriented

undoped and Cr-doped (O.17 ppm) liquid-encapsulated Czochralski

(LEC) Sr-GaAs. The wafers were chernically etched before

implantation to rernove any polishing darnage. The implanted ion
was 28si+ at an energy of 2so kev with a dese of 2 x lo13 cm'"2 at

room temperature. The present implanted dose and energy were
appropriate for n+-type layers. Furtherrnore,.this higher dose

enabled to evaiuate traps near the surface by DLTS. After

implantation, each 2--in. wafer was quartered and both sides of
the individual pieces were coated with N3500 & Si02 encapsulant.

These were placed on a Si wafer susceptor in a quartz tube with

the implanted side facing up and irradiated by cylindrical array

of tungsten halogen larnps in flowing N2. The RTP was performed
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at 700r 800r and 900 OC for 6 s. The heating rate was fixed at

50 OC/s, and the sample was cooled down unintentionally. For

comparison, conventional furnace processing was performed at 800

OC for 20 rnin with Si02 encapsulation.

     After annealingr Si02 encapsulant was rernoved. Before the

contact forrnation the annealed substrates were carefully cleaned

by organic solvents and distilled deionized water. The carrier

concentration profiles were obtained by electro--chemical C-V
profiling system13) (poLARoN pN4200). DLTs measurements with a

bipolar rectangular weighting function14) were rnade on Au

Schottky barrier diodes deposited by vacuum evaporation on the

Si-implanted GaAs surfaces. The ohmic contacts were rnade on the

sarne surface by alloying Au-Ge. These diodes were characterized

by near-unity ideality factors in r-V characteristics.

2.3 Carrier concentration profiles in active layers

     Carrier concentration profiles by electrochemical C-V
measurements13) for n-type si-impianted GaAs layers annealed at

800 OC are shown in Figs. 2-1(a) and 2-1(b). The peak carrier
concentration is 1 - 2 x lo17 crn-3 for an samples investigated

in this study.

     Kohzu and co-workerslO) have shown the dependence of

electrical activation on RTP temperature for Si implants in Cr-

doped S: GaAs by measuring sheet carrier concentration. :n this

studyr the dependence of carrier concentration profile on

annealing temperature from 700 to 900 OC is not clearly observed.

     Carrier concentration profiles for RTP samples are alrnost
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the same as those for the FP samplesr as shown in Figs. 2-1(a)

and 2-1(b). The similar carrier concentration profiles between

Cr--doped and undoped samples is observed. This rnutual agreernent

of the carrier profile for FP and RTP sarnples is consistent with
the result in the case of implantation with high dose (s x lo13

cm'2) reported by Kohzu and co-workers.10) on the other handr it

has been reported that the difference of the carrier

concentration profiles between the RTP and FP samples is

conspicuous in the case of implantation with the doses iower to

our condition. Zt is supposed that impurities, such as Cr and

Si, redistribute in different ways under therrnal treatment at

high temperatures in the case of low-dose conditions in
comparison with higher-dose conditions above 2 x lo13 cm-2.15)

                                     10 •-  10      ,""/""'i"'•,, iSilZdoped LEc .,/ X"x iSRsi/opecii Mi)c

t-- - -?E ,"'  "n, ""'LSS .A,' ,t` •-• K -----Lss
St ,d7,,i" •-•-•N..., t••,,, -:-1.#,TP,gO,98C,g .S2.fi gt i67 ,,•' 'X :-.l\P,g89&C,g iileifi

•S ,,va Ni•/t•,, 5. ,66 'ii•,.

                 , 10  10    o o.2 o.4 o.6 o.s 1,o o o.2 o.4 o.6 o.e 1.o
                                                  DEPTH(pm}               DEPTH ( ll M)

   Fig.2-1. Carrier concentration profiles for Si-implanted GaAs
   layers after RTP and FP on (a) Cr-doped substrate,, and (b)

   undoped one.
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1

2.4 Deep levels in implanted layers

     Figure 2-2 represents DLTS spectra for Si-.irnplanted GaAs

activated by RTP at 700 OC for 6 s. DLTS spectra in the upper

half and the lower half of this figure show the signal frorn a Cr-

doped sample and an undoped sarnple, respectively. The positive-

going peaks indicate thermal emission from electron traps. The

negative-going peaks in both DLTS spectra around 150 K are

observed, although these signals are caused by using a majority-
carrier pulse.16) Hencer it can be suspected that the reverse

current-voltage characteristics for these Schottky barrier diodes
on the active layers by RTp at 7oo Oc are not ideal.17)

Actuailyr the reverse leakage current and the series resistance

for these diodes are larger than those for the diodes made by RTP

at 800 and 900 OC. Consequently, the activation of Si impurities

is occurring by RTP at 700 OC for 6 s with residual impiantation

darnage contained in the layers.

     Three electron traps labeled Nll, NT4r and EL2 are observed

in the Cr-doped sample, while three electron traps labeled N:1r

NI3, and EL2 are observed in the undoped sample. These electron

traps NZI, Nr3, and Nr4 are observed only in the RTP sarnples at

700 OC. On the other hand, the electron trap EL2 is observed in

all present samples. The energy levels and capture cross

sections for these traps are listed in Table 2-Z. These values

are calculated from the Arrhenius plots assuming that the capture

cross sections are independent of temperatures. The trap concen--

trations are also shown in [rable 2-T. CVhese trap concentrations

are averages of measured vaZues for 7--10 diodes. These have been

calculated from DLTS signals at "V O.2 Urn below the surface.

                              -13-



Table
GaAs.

2-Z. Characteristics of electron traps in Si-implanted

Trap Energy ievel (eV) capture cross section (cm2)

NTI

Nr2
NI3
Nr4
EL2

Ec - O.53
Ec - O.55
EC -' Oe47

Ec - O.63
Ec - O.78

(Å} O.02)

(*)

5.4 x lo'14
5.1 x lo-15
1.1 x lo-16
1.o x lo-14
5.0 x lo-'14

( Å} N1 50g)

   Trap concentration (lo15 cm-3)

Cr-doped undoped
Trap 700 800 900 FP 700 800 900 FP

NZI

N:2
N:3
Nl4
EL2

2.4

 22
6e7

14

21

180

5.2

150

1.0

2el

1.2

 13

1e4

5.6

8.4

 14

 14

1.7

* The energy level and capture cross section for trap EL2 in
  this Table is different from the values for EL2 in Table
  3-:I (p.35). However, the midgap levels in Si-implanted
  GaAs and molecular-beam--epitaxial GaAs are identified with
  EL2 level, since the photocapacitance quenching effect21)
  (p.17t18) is observed in both samples. Various possible
  candidates to explain the differences between these trap
  paramaters are considered as followes. 1) The Schottky
  barrier height can be affected by the surface conditions.35)
  The some errors in the trap paramaters may be caused by
  the low Schottky barrier height on Si-implanted GaAs.
  2) The differences of the DLTS phenonena can be correlated
  with the reactions between metals and semiconductors.36)
  3) The EL2 state is perturbed by the other defects or donor
  irnpurity in Si-implanted GaAs layers.
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     Bhattacharya et al.18) have reported an electron trap at Ec

- O.53 eV in the n-type VPE GaAs after Si impiantation and FP.
Furtherrnore, Rhee, Bhattacharya and Koyama4) have reported that

the same electron trap is observed in n-type layers formed by Si

irnplantation and FP on Cr-doped ST substrates. They regarded this

electron trap to be an ion implantation induced defect. An

electron trap C (Ec - O.53 eV) in Si-implanted GaAs MESFET on

undoped and Cr-doped LEC SI substrates has been reported by
sriram and Das.2) The trap NTI is identical with these traps

reported by Bhattacharya et al.,18) Rhee and co-workers,4) and

sriram and Das,2) and it is considered that these traps are

produced by ion implantation.

     The trap NT3 is observed in the undoped sarnpies and not

observed in the Cr-doped samples. These are no reports about an

electron trap corresponding to the trap NI3, to our knowledge.

However, the trap NI3 is not detected in Si-doped •n-type LEC GaAs

prepared by RTP at 700 OC for 6 s by the same apparatus as the

present experiment.19) Hence, Nr3 is not due to any

contamination during RTP or the fabrication of Schottky barrier

diodes, but it is considered that NZ3 is aiso caused by ion

implantation.

     The trap N:4 is observed in the Cr-doped samples and not

observed in the undoped samples, and the concentration of the

trap Ni4 is about 2 x lo16 cm'3. Therefore, it can be considered

that the trap N:4 is related to Cr impurity. Stievenard and
Bourgoin20) have reported an electron trap z2 (Ec - Oe62 eV) in

S-doped CZ materials irradiated by electron bearn, and have
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concluded that the trap I2 is an impurity complex defect,

involving interstitial As (Asi). The Arrhenius plot of thermal

emission rate for the trap Nr4 coincides with that of the trap

r2. Therefore, this trap Nr4 is probably the sarne as the trap

r2. These traps are related to Cr impurity and a lattice defect.

The therrnal emission rate for the trap H (Ec - O.57 eV) reported
by Dhar, Seot and Bhattacharya3) approximates to that for the

trap Nr4 in the measured temperature range. However, the

activation energy and capture cross section for the trap H are

smaller than that for the trap N14. Furthermore, the spatial

variation of the concentration across the wafer is not observed

for the trap N!4, but the notable variation has been reported for

the trap H. Thereforer we consider that the trap H is different

from the trap NZ4.
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     Figure 2-3 shows the representative DLTS spectra for the

sampies after Si implantation and annealing at 800 OC. The traps

NTI, N:3, and Nr4 are annealed out, but the trap N:2 appears in

RTP and FP samples at 800 OC. The dorninant trap is Nr2 or EL2 in

the samples after Si irnplantation and RTP at 800 OC for 6 s. On

the other hand, in FP sampies at 800 OC for 20 mint the trap N:2

is the dominant deep level. This result is identical with that

in RTP samples at 900 eC for 6 s. These resuit$ do not depend on

whether Cr-doped or undoped substrates.• DLTS signals for the

trap EL2 in both FP samples on Cr-doped and undoped substrates

are very smali.

     we observe a photoquenching effect21) in the

photocapacitance at liquid-nitrogen temperature in the RTP

sample, as shown in Fig. 2-4r but did not in the FP sarnplet where

the EL2 concentration is .low. The energy level and capture cross

section for EL2 in the present sampies are slightly smaller than

those for the trap labeled EL2r according to the trap labeling by
Martin, mtonneau, and Mircea22) {Ec - o.s2 ev, 1.2 x lo-13 crn2).

Namely, EL2 in GaAs after Si implantation and RTP is one of the
"EL2 family"23) characterized by the photoquenching effect. The

photoquenching effect has been attributed to a configurational

instabilityr which was described with the help of configuration
coordinate diagrams.22) while this approach is helpful in

visuaZizing the defect properties in an ernpirical way, the nature

of the eiectron-lattice interaction, which provides the driving

force for configurational change, is not well defined. Severai

attempts have been made to explain the existence of the

metastable state by intreducing a new atornic configuration for

                             -17-



8

ALav  4
U<

o

(a) Cr-doped
   RTp sooec
      6s

o
   TIME (min)

16

ALav  8
v<

o

(b) Cr-doped
   1rr) 8ooec
    20 min

 o
-VR

io
i
l
l

BIAS
  TIME (min)

Fig.2-4. Photocapacitance
signais for EL2 level after a
direct electrical pulse under
YAG laser illumination (1.17
in (a) RTP sample and (b) FP
sarnple .

eV)

ON
OFF

;
YAG LASER

ut-

,--•

z
=

mcr

<
v
J<z
o
ut-

ut

:
o

Cr-doped    LEC
position

 position
 position

o@pt opt oO

of O
measuree peints eft

-.wwes`n",xt "e-""""""

RTP 800eC 6see
1

       Nl24
        ,-, 8 ,/ii'/11i

       --       -t       e-       i-       t-       --       -t       --       t-       t"       tb       tt       i-       -e       --      --      --      it      t-      --      --      t-      t-GeAs vtatee ,' :     --     tl     -I     --     tl    --    -1   .. .d-N -       tv   "-      '     '

EL 2

 t's
 tl {t t
 t
 -ee ---

 :-
 i
 :t
 :-

:-

i
,

.:

{:

R

so 1OO 150 200 2se 3oo 3so
TEMPERATURE (K>

400

Fig.2-5. A spatiai variation
of DLTS signals across the Cr-
doped GaAs wafer after Si
implantation and RTP at 800 OC.

-18-



EL2.23-25) Bourgoin and Bardeleben have suggested that the

rnetastabZe behaviors can be understood without the need to
introduce distorted atornic configurations.26) The nature of the

photoquenching effect will be able to be explained by the study

of atomic structure of EL2.

     The trap N:1 is observed in the Cr-doped and undoped

samples, but not detected on all diodes (or all positions on a

wafer). A spatial distribution of DLTS signals for the trap Nr2

and the trap EL2 across the Cr-doped GaAs wafer after RTP at 800

OC is shown in Fig. 2-5. The inset in Fig. 2-5 shows the

position of diodes on the quartered wafer. The variation of the

trap EL2 peak height is not pronounced, but the variation of the

trap Nr2 peak height is notable. However the specified tendency

of the spatial distribution of the trap NT2 is not observed. The

above results for the trap N:2 and the trap EL2 is aiso true for

case of undoped substrates. The energy level and capture cross

section for the trap NT2 are listed in Table 2-r. The trap

concentrations for the trap Nr2 are also shown in Table 2-r.

These trap concentrations for the trap Nr2 are rnaximum values

among the NT2 concentrations for measured diodes on the each RTP

and FP samples, which are calculated from DLTS signals at the

depth of 'V O.2 Urn, because of the variation of the N:2

concentration across the wafer.

     The measured DLTS spectra of the trap N:2 are broader than a

curve calculated from rneasured activation energy and the capture

cross section. Four DLTS signals from discrete states can be

separated from measured NZ2 signal by rneans of curve fitting for

a DLTS spectrum. These four DLTS peaks are labeied Nr2a, NT2br
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NI2c, and NI2d, and are shown in Fig. 2-6r respectively. The

energy levels and capture cross sections for these traps are

listed in Table 2-II. The trap N12 in Table 2--T coincides with

the trap NI2a whose DLTS signal forms a main peak in the spectrum

for the trap NI2. rn all samples involving the trap Nr2, the

DLTS half width of whole Nr2 signal is fixed at 27 K when the

time constant is 152 ms. Therefore, relative intensities of DLTS

signals for the traps NI2a - NI2d are constant among the samples

investigated and the trap densities normaiized by the Nr2a

concentration are shown in Table 2-rl. This result supports the

idea that the traps N:2a - Nr2d are due to the same origin. The

qualitative characteristics for the trap NI2 can be listed as

follows. (1) The traps NI2a - NI2d are produced by Si

Table 2-!r. Characteristics of the trap N:2a - N!2d separated
frorn Nr2 spectrum.

Trap Energy level (eV)
Capture cross
section (cm2) Ntl[Nr2a]

NI2a
NI2b
NI2c
Nr2d

Ec - O.55
Ec - O.67
Ec - O.60
Ec - O.55

5.1 x lo-15
6.4 x lo-12
1.4 x lo-12
1.1 x lo-12

 1eO
 O.065
 O.17
O.066

implantation and FP or RTP above 800 OC. (2) The traps Nr2a -

NI2d are due to the same origin. (3) The spatial variation of

the trap N!2 across the wafer is notable, but the specified

tendency of the spatial distribution for the trap NI2 is not

observed. (4) The concentration of the trap Nr2 is comparable to

the carrier concentration, occasionally.
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     Dhar and co-workers3) have reported an electron trap H (Ec -

O.57 eV) in undoped LEC GaAs after Si implantation and RTP. The

activation energy of this trap H is close to that of the main

trap N12a in NI2. However, the above characteristics (2) and (3)

are different from the characteristics of the trap H. They have

mentioned the concentration of the trap H follows the dislocation

defect profile across the substrate and it is therefore

considered that the segregation of implanted damage around

dislocation forms electrically active defects after annealing.

The characteristics (1) and <4) are similar to that of the trap

H. Hence, it is considered that the trap H and the trap Nr2 are

not the same defectt but are similar to each other. The trap N12

is related to an implantation induced damage, since NI2 trap is

not detected in the rapid-thermal-processed Si-doped n-type LEC
GaAs from 700 to gOO Oc for 6 s, as reported previously.19) The

spatial variation of the trap NI2 across the wafer is related to

the variation of defects across the original substrate.

Therefore, it is reasonable to consider that the Nr2 trap is

created by the association of defects in the original substrate

and irnplantation induced damage during high-ternperature ( >800 OC

) annealing. rt seems that the difference in characteristics

between the trap NI2 and the trap H corresponds to the difference

of defects between the substrate used by us and by Dhar and co-

workers.3) on account of the characteristics (3> and (4>r it is

possible that the trap N:2 and the trap H cause an extraordinary

characteristic of devices such as FET. However, as the above

discussion, it is probably possible that this subject is settled

by improvement in a perfection of a bulk crystal.
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2.5 The therrnal stability of the trap EL2

     The variations of the trap EL2 concentration with RTP

temperatures are shown in Fig. 2--7 for Cr-doped and undoped

substrates, respectively. These EL2 concentrations are the mean

vaiues listed in Tabie 2-Z. The EL2 concentration in RTP sampies
is about lo16 cm-3, while that in Fp sampzes is about loi5 crn-3.

rt can be believed that the low EL2 concentration in FP samples

on the undoped substrate is due to the out-diffusion of it
similarly to bulk n-type GaAs.27) Figures 2-8(a)t 2-8(b) and 2-

8(c) show the depth profiles of Auger signals (ULVAC-PH:

ESCA/AES!SrMS 558A) for Ga, As, O, and Si for Si02/GaAs
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structures before annealing, after RTP at 800 OC for 6 s and

after FP at 800 OC for 20 min, respectively. :t is observed that

Ga diffuses into Si02 filrn even for RTP samples as weli as for FP

samples in spite of its short annealing time. Tn Figs. 2-8(a)

and 2--8(b), comparatively abrupt Si02/GaAs interfaces are found

for these components. An interface is not abrupt in Fig. 2-8(c).

It is expected that a transition region is formed between Si02
and GaAs by Fp,28) and the Ga and As diffuse into this transition

region from the buik GaAs in FP sample. The contribution of an

excessive As to the forrnation of the trap EL2 has been
reported.29) The result of the above Auger depth profiling gives

suggestions about the erigin of the difference of the EL2

concentration between RTP samples and FP samplest as foliows. It

is expected that the Ga out-diffusion in both RTP and FP samples

and the formation of the transition region at the Si02/GaAs

interface in FP samples occurr so the difference of the EL2

concentration between RTP samples and FP samples can correspond

to the existence of the transition region. Some Ga vacancies

(VGa) forrned by the Ga out-difiusion produce Si donors in the Ga

lattice sites. Other VGa, As interstitials (Asi) and antisite As

(AsGa) must be related to the formation of the trap EL2. Tn the

FP samples the Si donors in the Ga lattice sites are the same

concentration as that in the RTP samplest as seen from Fig. 2-1.

On the other hand, a large amount of As contributes to the

formation of the transition region in FP sampies, therefore

excessive As in the implanted and furnace anneaied layers is

likely insufficient in comparison with that in RTP samples.

Hencet it is believed that the decrease of the trap EL2 in the FP
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samples rnust be related to the decrease of excess As atoms.

Namelyr the interaction between Si02 encapsulant and GaAs is

smaller for RTP than that for FP. Thereforer the surface of GaAs

is relatively stable during RTP. This stability is rnerits of the

RTP method over the FP rnethod in regards to GaAs device

fabrication.

     :n the Si-doped rnolecular-bearn epitaxial (MBE) n-type GaAs

layerst which are free from the EL2, we have reported that the
trap EL2 is produced by RTp at 800 OC.30) Furthermore, we have

the close relation between the EL2 concentration and distance of

the measured diodes from edge of the RTP sample. The EL2

concentration increases by about two orders of rnagnitude for the

RTP sample toward the edge from the center, that is, a larger

amount of EL2 is produced near the edge of the sample by RTP.

     Figure 2-9 shows that the EL2 concentration at NO.2um

below the surface across the sample after Si impiantation and RTP

at 800 OC using the quartered one of an undoped substrate, where

the distance frorn the edge x is the smallest one of each measured

diode from the edge of the quartered wafer on the undoped

substrate. However, the peculiar spatial variation of the trap

EL2 concentration is not observed over the rneasured range of x.

Furthermore, the EL2 concentration have been plotted toward the

radial direction aeross the 2-in. wafer after Si implantation and

RTP. However, a symmetry or pecuiiar shape of the EL2

concentration along <11O> and <1OO> directiont the so-called W
shape,31) is not found in a range of 7 - 21 mm from the center of

the wafer. The spatial variation of the EL2 concentration across
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the 3-in. wafer has been optically mapped by Dobrilia and
Blakemore32) in the LEC undoped and :n-doped SZ GaAs wafers.

These mapping show the W-shaped spatial distribution for the trap

EL2' . rt seerns that the shape of spatial distribution for EL2

after Si irnplantation and RTP does not correspond to that of Sr
GaAs measured by Hoimes and chen31) over the measured range of

the radial distance. rt has been reported that the forrnation of
the trap EL2 is related with ion implantation.33,34) probably,

the EL2 concentration in the R[DP sample is sum of the

concentration of the trap EL2 caused by the Si implantation and

RTP, and that existing in the substrate, so the W-shaped spatial

distribution of the EL2 concentration is disturbed by Si

implantation and RTP. Therefore, we believed that the EL2

concentration is not deterntned rnainly by the EL2 concentration

in the original substrate. The variation of EL2 concentration

likely depends on the conditions of Si implantation. However, in

a very low-dose condition the EL2 concentration rnay be determined

on RTP condition or the EL2 concentration in the as-grown

substratest since in this condition the EL2 concentration by ion

implantation is relatively low.

     Figure 2-10 shows the spatial distribution of EL2 for the

Cr--doped sarnple. 1?he EL2 concentration in Cr-doped LEC SZ

substrates has not been rneasured accurately. The role of the

trap EL2 in Cr-doped SZ substrates is different in semi-

insulating mechanism from that in undoped SI substrates.

Howeverr we believe that the phenomenon for production or

diffusion of the trap EL2 in Cr-doped samples during Si

implantation and RTP or FP is the same as the phenomenon in
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undoped samples. Therefore, it seerns that the distribution of

the trap EL2 for Cr-doped samples is determined by the same

origin in .the undoped RTP sample as discussed earlier.

2.6 Surnmary

     Deep level traps present in Si-irnpianted and rapidly

thermal--annealed GaAs have been characterized with DLTS. Tt is

found that the trap Nr2 (Ec - O.55 eV) or EL2 (Ec - O.78 eV) is

the dominant electron trap in RTP sampies above 800 OC, but in FP

samples at 800 OC for 20 rnin, the EL2 concentration is decreased

and the trap N!2 is dorninant. The notable spatial variation of

the NI2 concentration is observed across the wafer. :t is

proposed that the trap N:2 is created by the association of

defects in the original substrate and implantation induced damage

during high temperature (•>800 OC) annealing. On the other handt

the peculiar spatial distribution of the EL2 concentration is not

observed across the RTP sample. Furthermore, tihe dependence of

the EL2 concentration on RTP temperatures is not observed in Si-

implanted layer.
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IIZ. EFFECTS OF RAPrD THERMAL PROCESSrNG ON DEEP LEVELS IN

MOLECULAR-BEAM-EP:TAX:AL GaAs

3.1 :ntroduction

     RTP is applied for the activation of ion implants as a

simple and powerfui technique, and previously has been reported

to have several advantages over conventional furnace processing

for fabrication of GaAs metal-semiconductor field effect
transistors.1) Furtherrnore, in recent years, it has been known

that RTP is suitable for the fabrication of high-speed devices,2)

and significantiy improve the crystalline quality of GaAs grown
on si substrates.3) Therefore, it is an important subject to

characterize the rapid-therrnal-processed epitaxial layerst with

the advance of epitaxial growth such as moiecular-beam epitaxy

(MBE) and metalorganic chemicai vapor deposition (MOCVD).

     We have reported that RTP produces electron traps EL2 (Ec -
O.82 eV) and Nl (Ec - O.72 eV) in MBE n-type GaAs layers,4) and

an electron trap EDI (Ec - O.26 eV) in LEC n-GaAs.5) Kuzuhara

and Nozaki6) have reported the trap ENI (Ec -- O.20 eV) produced

by RTP in bulk n-type GaAs. These results for the RTP sarnples

have been in contrast with the results for FP samples at the same

temperature, that is, the electron traps EDI and ENI have not
been produced by Fp.4'6) rn addition to the production of these

traps, the spatial variation of the EL2 concentration across the
RTP iayer has been observed.4)

     :n this chapter, : wiii discuss the electron traps present

in RTP MBE n--type GaAs layers by DLTS. MBE GaAs layers before

                              -30-



RTP are free frorn the electron trap EL2, which electrically plays

a crucial role in undoped semi-insulating GaAs. rn particularr

we have tried to clear spatial distributions of the trap EL2 and

Nl produced by RTP.

3.2 Experiment

     The epitaxial GaAs layers with thickness of 2 urn and doped
with si to about lo17 crn'3 were grown by MBE on cr-doped

horizontal Bridgman (HB) semi-insulating (100) GaAs substrates in

a V. G. Sernicon V80H system. The substrate temperature, the

growth ratet and the As4/Ga flux ratio was maintained at 600 OC,

1 um/ht and 3, respectively. These GaAs samples were cleaved in

a few pieces and the individual pieces were sandwiched by two

GaAs wafers without any encapsulantr so that the epitaxial layers

face GaAs wafers (proximity capping method). These were placed

in a quartz tube and irradiated by a cylindricai array of

tungsten halogen lamps in fiowing N2. RTP conditions and labels

of layers are listed in Table 3-r. For cornparisont FP was

performed at 800 OC for 15 min with the proximity capping

technique. This sample is labeled FP-800. The layers labeled

OP-800Lr M, N, and H were made by RTP in order to investigate the

heating rate dependence of the trap EL2 concentration. For the

"CL--800" layer, RTP was performed at 800 OC for 6 s with the

cleaved edge around the sample kept in contact with GaAs pieces

in order to improve the temperature nonuniforrnity and to prevent

the thermal stress during RTP ( as seen from the inset in Fig. 3-
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Table 3-I. RTP and FP conditions.

Sample Temperature (Oc)
Hold
time (s)

Heating
rate (OC/s)

Edge
the

 of

samp1e

OP-7OO
OP-8OO
OP-800L
OP -- 8OOM

OP-800N
OP -- 8OOH

OP-800-20
OP-9OO
CL-8OO
FP-8OO

7OO

800
800
800
800
800
800
900
800
800

      6
      6
      6
      6
      6
      6
     20
      6
      6
Furnace 20 min

50

50

10

30

50

70

50

50

50

open
open
open
open
open
open
open
open
close

open

6 ), but for the layers "OP-number" and "FP-800", heat treatrnent

was performed with the edge around the sample open ( see the

inset in Fig. 3-5 ).

     DLTS measurements with a bipolar rectangular weighting
function7) were made on Au schottky--barrier diodes deposited by

vacuum evaporation on these processed epitaxial layers. The

ohmic contacts were made on the same surface by alloying Au--Ge.

     '

3.3 Defect production by RTP

     Figure 3-1 shows typical DLTS spectra for the RTP samples

OP-800H, OP-900, and the as-grown samples. In as-grown MBE GaAst

three electron traps are observed. These traps are common!y

present in as-grown MBE GaAs layers, and identified with traps

Mlr M3r and M4 as reported by Lang and co--workers8) and others.9-b
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 The thermal activation plots of electron emission for Mlr

and M4r and the lines by a least-squares fit are presented in
 3-2, where the results reported by DeJule and co-workersll)

also shown as broken lines. In Fig. 3-2 our result for the

 Ml is slightly different from the result reported by DeJule
co-workers.11) This difference is ascribed to the effect of

field-assisted electron emission, since the thermal emission

 of an electron for Ml is changed by the quiescent reverse
 during DLTs measurement.1O)

--- OP-900
---•-•  OP-800H
   as-grown

"n
-' lX
   h -d ---- "N- -        l

  1l
Ml M3

                     /-s               Nll /I X,

               /'SS tt tl
               tl X ll X
              ,/ l N"sx../'l'//I"X'"k,

..i)iik2. N... i)ie. ... ..,/t"' ,//'"XN / E L 21i ",.

             1 xs-.d./IX... / 'x
         Nx ../ N     l

    M4

Fig.3-1. DLTS spec-
tra for the rapid-
thermal-processed
MBE GaAs at 800 and
900 OC and the

as-grown one.
 50 100 150 200 250 300 350 400
            TEMPERATURE (K)

     On the other hand, five electron traps are observed in RTP
samples at 800 Oc,4) which are also observed in RTp 700 OC

samples. Three electron traps in the low-temperature side of a

DLTS spectrum for RTP sample at 700 and 800 OC are the same as

those in the as-grown MBE GaAs layers, and two electron traps in

the high-temperature side of the spectrum are produced by RTP,
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and dominant in RTP sampies. One of these two
been identified with the deep donor EL2,4) frorn

the reported ternperature dependence12) of the

Fig. 3-2. Furthermore, we observed a photoquenching
the photocapacitance13) in the RTp sample. Another

is narned Nl. Figure 3-1 also represents the

the OP-900 sarnple. Electron traps termed N2

in this sample besides the traps Nl and EL2,

M3t and M4 disappear. The energy levels and

sections for these traps Ml, M3, M4e Nlt N2r

listed in Table 3-rr. These values are calculated

Arrhenius plots in Fig. 3-2 assuming that the

sections are independent of temperatures.

     The DLTS peak temperature and signal intensity

Nl changes as the DLTS measurements are repeated.

the peak position and peak height for Nl depend
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  Fig.3-2. Arrhenius
  plots of T2T for Ml

  M3, M4t N2r N3, and
  EL2. The broken
   lines are extracted
  from data reported
  in Refs. 11 and 12.

  electron traps has

   the comparison of
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Table 3-ZI. Characteristics of electron traps in rapidly
thermal-processed MBE n-GaAs.

Trap Energy level (eV) capture cross section (cm2)

Ml

M3
M4
Nl

N2
N3
EI., 2

Ec - O.18 Å} O.02
Ec - O.33
Ec - O.51
Ec - O.5 tv O.7
Ec - O.36
Ec - O.49
Ec - O.82

3.2 x io'i5 (Å} Ni sog)

7.6 x lo"14
5.8 x lo-13
2 N10o x lo'15
3.o x lo-15
1.os x lo'14
1.3o x lo'13

RTP layers and these variation are also observed across each one

of the RTP layers. This variation of Nl signal is attributed to

temperature induced, bias-controlled metastability. Hencer the

parameters of this level is not determined with accuracy. The

extent of the energy level and capture cross section is shown in
Table 3-rl. Buchwald, Johnson, and Trombetta14) have reported

that the rnetastable defectt labeled M2, with an ernission

activation energy of O.64 eV is observed in MOCVD layers after

RTP at 900 OC and above with Si3N4 encapsulant. The bias-

controlled metastability of the defect is explained by the

transformation between defect configurations which are driven by

Coulornbic attraction and is compietely reversible. These

characteristics and models of the configurational transformation

kinetics were discussed in detail in Refs. 15 - 17. The trap Nl

is consistent with the trap M2 reported by Buchwald, Johnson, and

Trombettat as regards "metastability" and the range of the

-35-



activation energy. Howeverr the trap Nl is different frorn the

metastable defect M2 with regard to the consecutive variation of

DLTS peak ternperature for the Nl signal. This may be explained

as follows. The Nl signal is caused by a defect which has

several configurations and of which the structures can

electrically change, that is, muitistable or defect clusters.

     The energy level for the trap N3 is the sarne as that for the
trap ED2 reported by Katayama et al.5) However, the capture

cross section for N3 is larger than that for ED2 by about one

order. :t seems that the production of the trap N2 and N3 are

not due to the diffusion of defects or impurities frorn the

substrate, since the energy levels and the capture cross sections

of the traps N2 and N3 are inconsistent with those of the traps
in HB GaAs substrates.18} Hence the traps N2 and N3 are new

electron traps induced by RTP at 900 OC and related to inherent

irnpurities or defects which are absent from buik GaAs.

3.4 Annealing behavior of traps by RTP

     Figure 3-3 shows the variations of the traps Ml, M3, M4t N2t

and N3 by RTP for 6 s. The traps Ml and M4 are stabie during RTP

at 700 OC, but the concentration of these decrease with the RTP

temperature above 800 OC and are below the detection lirnit of

DLTS after RTP at 900 OC. rt is noted that the decrease of the

traps Ml and M4 concentration is coincident with the increase of

the N2 and N3 concentration. The concentrations of the traps Ml

and M4 in the as-grown layer are neariy equal to those of the

traps N2 and N3 in the RTP layer at 900 OC. The production of
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traps N2 and N3 in the RTP layer at 900 eC. The production of

the traps N2 and N3 may be related to the annealing of the traps

Ml and M4 through the transform between them.

     It has been reported that the forrnation of native deep

levels are dependent on the surface stoichiornetry during MBE
growth.19) The origins of Ml and M4 may be related to arsenic

vacancies (VAs). The following reactions with respect to As

evaporation near the surface region during high-temperature

anneaiing was presented in Ref. 6:

     AS As `-:7- VAs+ + ASevap + e' :FP, (3 -1)
     ASAs`-'7' VAs++Asi+ +2e- :RTP, (3-2)
where Asi are arsenic interstitials and Asevap is evaporated As.

If the origin of the trap Ml and M4 is VAs by itself, the trap Ml

and M4 must increase during FP according to reaction (3-1).

However, it is observed that the concentrations of Ml and M4 also

decrease by FP at 800 OC for 15 rnin. Thereforet it is not

reasonable that the origin of Ml and M4 is the VAs by itseif.
Blood and HarrislO) have suggested that these deep ievels are

related to defect-unknown impurity complexes involving VAs.

Assuming that the origins are VAs-impurity complex defects, the

decrease of Ml and M4 concentration by RTP is related to the

production of the traps N2 and N3 through the formation reaction

of arsenic divacancy-irnpurity cornplex defects which is possible

during RTP and FP according the reactions (3-1) and (3-2}. A

similar connection between EL2 or Nl and Ml or M4 cannot be rnade,

since a larger amount of the trap EL2 is produced by RTP at 700

OC and Ml and M4 do not decrease during RTP at 700 OCe
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   3.5 Spatial variations of RTP-induced trap EL2 and Nl

       concentration

                                                             '
        The depth profile of the trap EL2 in the CL-800 is shown in

   Fig. 3-4. The EL2 trap profile is flat in the measured depth

   range. The simiiar depth profiles of the trap EL2 are observed

   in the other RTP layers. This suggests that the production of

   EL2 in the MBE layer is not due to the in-diffusion of defects

   from the surface and the out-diffusion of defects frora the

   substrate. rt is difficult to obtain the profiles of the trap Nl
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because of the bias--controlled metastability.

     The spatial variations of Mlt M3, M4, N2r and N3 traps

across the GaAs layers are not pronounced. On the other hand,

the variations of the EL2 and Nl traps across the RTP layers are

notable. Figure 3-5 represents the spatial variation of the EL2

trap across the OP-800 layer along the <100> and <110> '
directions. These trap concentrations are calculated from DLTS

signals at the depth of NO.2 um below the surface. This peculiar

shape of the EL2 trap is generally found in the RTP layers with

the edge around it open. Schottky-barrier height from the

forward I-V characteristics is high (>O.8 eV) across the OP-800H

sarnple. rn the FP-800 layers the EL2 concentration is lower

compared to that for the RTP layers and is approximately uniform
over the surface.4) In the conventional furnace, the radiation

rate balances between the furnace and sarnple over all radiating
       'surfaces of the sampler that is to say, if the flux of heat

transfer frorn GaAs to surrounding ambient is negligibie, the

system is in thermal equilibrium. On the other hand, the RTP

systern is in nonequilibrium and has a ternperature distribution.

The higher temperature gradient occurs across the films by heat

radiation frorn the edge during RTP, but the temperature gradient
decreases near the center of the sampie.20) The larger

concentration of the trap EL2 is observed near the edge of the

sample and the rninimum lies between the center and the edge of

the sarnple, in a ward, a W-shaped distribution. Thereforet it is

found that this peculiar spatial distribution of EL2 in "OP

layers" is not consistent with that of the temperature across the
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layer, since the temperature distribution is not a W•-shaped

distribution.

     We observed the W-shaped distribution of EL2 across the RTP

layer through the careful experiment for the large number of

diodes per area. rt was suggested that the spatial variations of

EL2 concentration in the RTP layer were consistent with those of
the thermal stress.4) The thermal stress is induced by the

temperature gradient across the sample and was larger, especially
near the edge.20) on the other handr the temperature gradient is

small through the sample thicknesst since the sample is thin. As

a resuit, the thermal stress is uniform through the thickness.

Thereforev the depth profiles of the trap EL2 are also consistent

with those of the thermal stress.

     RTP of GaAs wafers results in crystallographic slip

networks. The use of guard rings has been found to be very
effective in reducing siip line.21) The slip generation is

caused by the stress developed as a result of temperature
nonuniformity across the wafer.20) Thereforet it is expected

that the use of guard rings is effective in reducing thermai

stress. We used the guard ring for RTP as seen from the inset

(cross section) in Fig. 3-6 in order to improve the temperature

nonuniformity across the layer during RTP. For the layer CL-800,

the EL2 concentration is smaller and its nonuniformity is

irnproved in comparison with that for the OP layers. !t is

considered that the uniformity of the EL2 concentration is due to

the absence of thermal stress. However, the trap EL2 remains in
the cL-soo layer at the concentration of lo14 cm-3, which is of

the same order as those in GaAs grown by MocvD22) or vapor-phase
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epitaxy.23) Thereforet it is concluded that the thermal stress

enhances the production of the trap EL2r but the origin of the

production is not oniy thermal stress. Various possible

mechanisms are considered as follows to account for the stress

enhanced production of EL2. (1) The forrnation of a large number

of As interstitials (Asi) by stress furthers the production of
EL2 [(Asi)x-AsGa mode124'25)]. (2) stress causes Ga vacancies

(VGa), and VGa interacts with the arsenic to create the antisite
defect (vAs-AsGa,26) divacancy-AsGa mode127)). (3) stress causes

nonuniforrn electric fields and the arsenic preferentially
migrates to locations of highest field.28) (4) The elastic field

of a dislocation that exists in the MBE GaAs layer29) is deformed

by extrinsic thermal stress, and the thermal stress-assisted
precipitation of arsenic on dislocation.30) This excess arsenic

on the dislocations is related to the formation of EL2.

     A plastic flow wiil occur in those regions of the sample
where the thermai stress is larger than the yieid stress.31)

Hence, the distribution of a crystallographic slip is not

expected to be a W-shaped pattern. The spatial variation of the

EL2 concentration in MBE GaAs after RTP is not due to the effect

of piastic deformation.

     Figure 3-7 shows the EL2 trap concentrations as a function

of heating rate. These EL2 concentrations were measured in the

layers OP-800Lt M, N, and H in Table 3-r. Tn OP-layers, since

the EL2 concentration distributes across the layer, the rninimum

concentration, which corresponds to the bottom of the W-shaped

pattern, and the concentration at the center of these layers are

                              -42-



both presented in Fig. 3-7. The minimum value of the W-shaped

pattern is the EL2 concentration which is expected not to be

affected by a thermal stressr and the concentration at the center

of the layer is affected by a thermai stress. For the layers OP-

800-20 (R'IVP 800 OC, 20 s, 50 OC/s> and FP-800, the EL2

concentration is also shown in this figure for reference. The

minimum EL2 concentration in OP-800-20 is larger than that in OP-

800N (RTP 800 OC, 6 s, 50 OC/s) by about three times. Therefore,

it is expected that the tirne to reach the dynamical equilibrium

in the forrnation reaction for EL2 is longer than 6 s. It is

noted that the extent of this time is approximately consistent

with the tirne to reach the equilibrium in a formation reaction of
EL2 proposed by wada and rnoue.24)

     The heating rate dependence of the EL2 concentration is

similar to that of the electron trap ENI reported by Kuzuhara and

Nozaki6) suggesting that the trap EL2 may be produced by the same

origin for the trap ENI. However, the DLTS signals for ENI and
EDI produced in bulk GaAs by RTp5r6) is absent from any Dms

spectrum in rapid-therrnal-processed MBE GaAs layers. This result

indicates that Enl and EDI relate to native defects or impurities

in bulk GaAs. The remarkable differenÅëe between MBE and bulk

grown GaAs before RTP is whether the EL2 trap is present or not.

Katayarna and co--workers5) have suggested that the trap EDI seerns

to correspond to defects reiated to Asi. If the formation of EL2

is also related to the existence of Asi, the forrnation of EL2 and

EDI have a close connection with each othert and probably EDI is

more readily produced in LEC GaAs than MBE GaAs. Because in LEC

GaAs the EL2 and excessive Asi concentrations are already large
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   before RTP. On the other hand, according to the model of
   Kuzuhara and Nozaki,6) ENI is created at the expense of EL2, and

    it is hardly formed in MBE GaAs which is free from EL2 before

   RTP. Thereforet it seems that our present results (the absence

   of ENI and EDI from RTP MBE GaAs) are not inconsistent with

   previous results given in Refs. 5 and 6.

        Figure 3-8 shows the spatial variation of the Nl

   concentration across the OP-800 layer along the <1OO> and <11O>

   directions. rn case of the low concentrations of an Nl trap, the

   DLTS signal for Nl is convoluted by the signal for EL2, and the
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 Fig.3-7.           EL2 concentrations as Fig.3-8• Spatial distribution
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uncertainty in the DLTS signal intensity yields an experimental

error for the Nl concentration. For that reason the distribution

of Nl is uncertain near the center of the samplet but it seems

that the distribution of Nl is similar to that of EL2. The Nl

trap is absent from the CL-800 and FP-800 layers. :t is

considered that Nl is hardly preduced by a stress-free condition

in constant with EL2.

3.6 Analysis of the therrnal stress in the GaAs wafers during RTP

A. Temperature distribution

     To verify the correlation of the EL2 distribution with a

thermal stress distribution, the ternperature and thermoelastic

stress components during RTP are calculated. rn RTP, the cooling

of the sample occurs essentially by radiation. As a consequencer

differences in heat radiation by different regions of the sample

can give rise to thermal gradients, thus, for instancer the edge

of the wafer becomes cooler than the central region because of

the comparatively higher radiation. !n spite of the good

uniformity of the energy supply over the sample surface and the

small ternperature gradient through the sample thickness, therrnal

stress can be produced by the radial, or in-plane ternperature

gradient.

     The trap EL2 is almost produced by RTP during hold time at

maximum temperature. Therefore, the steady-state temperature

distribution is calculated at the maximum temperature attained

during RTP. we suppose that the wafer is free and heat is
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supplied at a rate Q per unit time per unit area by a light to

both surfaces of the wafer. The wafer ioses heat by radiation

toward the ambient. The thermal conduction is approximately

isotropic. :n this case the condition h << a (h: thicknesst a:

wafer radius) allows a further sirnplification, i.e. the thin

piate approximation. rn this scheme, the heat flow problern is

discussed in two dirnensions only. The schematic diagram of the

uniform irradiation of a free wafer and x-y coordinates are given

in Fig. 3-9. The temperature distribution T(x,y) satisfies the

equations (3-3a) and (3-3b).
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the density of GaAsr E is the radiation rate per unit area, and h

is the sarnple thickness. The factor 2 in the radiation term of

Eq. (3-3b) takes into account that both surface of the sample

radiate.

     E= euT4+Hc( T- Tg) (3-4a)
where e is the GaAs emissivityr u is the Stefan-Boltzrnann
constant ( s.67o32 x lo-5 erg/crn2/s/K4 )r Hc is the heat transfer

coefficient, and Tg is the ternperature of the ambient gas. The

heat transfer from semiconductor to ambient gas is negligible at

the high temperature. Thus the Eq. (3-4a) can be written as

     E:euT4(x,y) (3-4b)
The steady-state temperature distribution T(x,y) satisfies the

Eq. (3-5).

         a2T(x,y) a2T(x,y)
     K( -+ )=-( Q-2eo T4 )/h (3-s)         ax2                     ay2

where K is the thermai conductivity. Appreximate boundary

conditions will be used in order to obtain an manageable problem,

by assuming that the radiation rate is uniform over all radiating

surfaces of the sample and equal to

where To is the steady-state temperature of infinite plane. This

approximation appears reasonable, since temperature differences

v(x,y) << To are expected over the sarnpie surface. Thus the

boundary conditions can be written as

       aT(Å}a,y)
     K = F e o T4(a ,y ) t. -+ e u To4 = -+ Ho (3 -7a )
       ax
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       aT(x,Å}b)
     K =; euT4(x,b) ti ; euTo4 = ;Ho (3-7b)
       ay

since we choose To so that 2•euTo4 =Q (3-8)
The differential equation for this problem is
          a2T(x,y) a2T(x,y)
     hK( -+ )=2•su( T4 -T                                                4) (3-g)
                      ay2 o          ax2

Assuming that T(xty) is written as To + v(xey), we can obtain

     T4(x,y) k. To4+4To3v(x,y) (3-1O)
From Eqs. (3-1O)r (3-9)r (3-7a) and (3-7b) can be simplified to

      a2v(x,y) a2v(x,y) 1
      ax2 ' ay2 - A2 V(XtY)=O (3-11a)

                                                            '
             Kh
          s euTo3

       av(Å}a,y)
                                                        (3-11c)     K =;H                     o       ax

       av(xrÅ}b)
                                                        (3-11d)     K =;H
we obtain the two boundary conditions from the symmetry of the

sampie.

       av(o,y)

       ax

       av(x,o)

       Oy

The numerical solution of Eqs. (3-11a) - (3-11f) is shown in

Figs. 3--10 and 3-11. The variables x, y, and v have been

repiaced by x/A r y/A , and v/A2 , respectively, ( and Eqs. (3-
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1la) - (3-11f) are dispersed, and solved by

Gauss-Jordan method ).

Table 3-rlr. Constants for the calculation.

compiete

32)

pivoting

Thermal conductivity
Sarnple thickness
Emissivity

K
h

( erg/s/cm/K)
(cm)

1.8

O.05
O.7

x lo6

1000

  900

AUo
v
tu
ct 800
DF<ct

uaEal

-
  700

<110>

<110>

- -- ---- •- --- ----- CL-• 800

       <110>
          OP-8OO

<110>

<too>

<100>

<100>

<100>

     DISTANCE FROM THE CENTER (mm)

 Fig.3-1O. Computed temperature
 profiles along <11O> and <1OO>
 directions.
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Fig.3-11. Calculated temperature
distributions on RTP-GaAs wafer
samples: (a) OP-800, (b) CL-800.

B. Thermal stress

     IMien the temperature distribution in the wafer is known,

principie it is possible to evaluate the corresponding

distribution of the thermoelastic stress. The following

simplifying hypotheses will be introduced. The approximations

the "quasi-isotropic body" and "plane stress state" can be

applied to GaAs crystal.

Equilibrium equations are :

      aa .O x . ai ly . o (3 -1 2 )

             au     aT       xy+ Y.o                                                       (3-13)      ax             ay

where Uxt Uy, and Txy are stress cornponents. Condition of

in

of

-5O--



compatibility ( including strain-displacement relation ):

     a2e a2E a2 y        x y xy          +=      ay2 ax2 ax ay

where ex, e y, and Yxy are strain

Stress-strain relation:

    ex =( Ux - VUy )/E + ctAT

     ey .( oy - vox )/E + ctAT

components.

(3-14)

(3--15)

(3-16)

     Yxy = Txy/G

where E is Young's modulus, V is Poisson's ratio, ct is

coefficient of linear expansion, G is the shear modulus

is the temperature fluctuation. Tf any thermal stress

exists, Å~ satisfies the equations (3-18a) - (3--18c).

          a2 x
     U-      x ay2
          a2x
     U-      Y ax2

              D2x
     T -.      xy ax ay

Substituting Eqs. (3-18a) - (3-18c) into Eqs. (3-14) --

     AAx . - orE AT

           a4x a4x a4x
     AAx. + +2                   ay4            ax4                          ax2ay2

 (3-17)

the

r and T
function X

(3-18a)

(3-18b)

(3 -1 8c)

(3-17),

 (3-19)
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Because the wafer edge is free, the boundary conditions

written as
         t ax(p)
     x(P)= =o             an
where P is the edge of the wafer, n is perpendicular to

of the wafer. Figure 3-12 is show the calculated stress

distribution from Eqs. (18) - (20).

Table 3-rv. Thermoelastic properties of GaAs.32)

can be

(3-20)

periphery

Thermal
Young's

      ,expanslon
modulus

coefficient   (1/K)
E (dyn/cm2)

7.3
8.51

x lo-6
 x loll

   15

.-s  10
NtE
v
c>v5e'o'

c
   o

$ -5
E
t7S

 -10

N

N s
s

s

TENSILE

Ux

Ux '

     ay

COMPRESSIVE

<11O>    5 O 5 10 <100>DISTANCE FROM THE CENTER (mm)

   .Fig.3-12. Computed profiles of
     (sc and oy stress components in
    OP-800 and CL-800 (broken lines).
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Fig.3-13. Eiemental octahedron
showing slip pianes and slip
directions (broken lines).

C. Shear stress

     To evaluate the conditions of introduction of thermoplastic

darnage, it is consider that shear rnovements occur only along

weli-defined crystallographic directions, therefore the

calculated stress must be resolved on the slip planes in the slip

directions. The slip planes are {111} and the slip directions

are <110>. The relevant planes, directionsr and the shape of the

sampies are illustrated in Fig. 3-13. The resolved shear stresses

and their total values are obtained from Table 3-V. The

distribution of utot is shown in Fig. 3-14.
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Table V. The resolved shear stresses.

Resolved stress s1ip direction a number of
equivalent directions

Ul =

02 =

03 =

U4 =

U5 =

tot

v!ii!" 7Iii ITxy l

vAi76'  Iux " Txy l

nt IUx - Txy 1

me loy " Txy l

nt loy - Txy I

= 4e Ol + 2( U2 +

 <i oo>

 <Oi1>

    etp <1 Ol >

  ,-- -- <1 Ol >

 <Ol1>

03 + 04 + U5)

4

2

2

2

2

D. Thermal stress for CL-800

     For the "CL-800" sample, RTP was performed at 800 OC f6r 6 s'

with the cleaved edge around the sample kept in contact with GaAs

pieces. The thermal stress in CL-800 sample are calculated

assuming that the thermal contact between the sample and guard

ring ( GaAs pieces ) is ideal, and cleaves surfaces of sample are

free from the stress. Thus the boundary conditions can be given as

       aT(Å}C,Y)

     K ax =; Ho (3-21 a)
       aT(xrÅ}d)

          ay
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                ax(Å}a,y)
     x(Å}a,y)= =O                  ax

                ax(x,Å}b)
     X(x,Å}b)= =O                  ay

rn Fig. 3-11b the ternperature

1O, 3-12, and 3-14 the results

boundary conditions (3-21a) -

distribution is shown. rn

 of the calculation with

(3-21d) are also shown.

(3-21 c)

 (3-21 d)

 Figs. 3-

the

  3

ptA
'E

v
C.,2

div

9
v
('t')

va i

E
ut

cr

<u=ut

  OP-800

CL-800

Fig.3-14. The calculated
shear stress profiles
resolved on {111} slip
planes in OP-800 and
CL-8OO samples.

<110> 10 5 O 5 10 <100>         DISTANCE FROM THE CENTER (mm)

  3.7 Correspondence of the defect distribution with the thermal

  stress profiles

       The key question is if thermal stress is linked to EL2

  concentration. Weber et al. reported the creation of EL2 defect
  during plastic deformation of GaAs.33) Tn this section, it is
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verify that the EL2 concentration has to do with the RTP-induced

thermoelastic stress calculated in section 3.6.

     The EL2 distribution shows a W-shaped pattern, so it can be

related to the absolute value of the line stress or the

resolved shear stress on {111} planes. Previously, the

correspondence between the EL2 or dislocation and thermai,

resolved shear stress induced in LEC GaAs has been
reported.28,34) As shown in chap. Iv, the EL2 distribution can

be related with the resolved shear stress during RTP. Figure 3--

15 shows the comparison between the EL2 distribution in "OP-800"

and "CL-800" sarnple, and the resolved shear stress calculated in

section 3.6. A stress conversion coefficient C                                                 was obtained                                               c
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from this comparisont that is, rnultiplying the calculated thermal

stress by a stress conversion coefficient yields the EL2

concentration.

                             (dyn-1cm"1)     Cc = 2.36 x lo6

     Cs = i.oo x loi4                             (crn'-3) for op-soo (3-22)

                             (cm-3) for cL-soo     Cs = 3.o3 x loi3

                             (crne3) (3-23)     [EL2] = Cc Utot + Cs

where Cs is defined as a constant that is probably dependent on

the stoichiometry of GaAs crystal.

     The calculated distribution are not coincident with the

experirnental data in peripheral region of wafer sample. rn this

region the plastic deformation rnay be occurred by the large

thermal stress during RTP, and the EL2 is changeable to other
defects.35) zn addition, EL2 concentration depends on the

stoichiometry.36) The stoichiometry in this region may be

changed by As evaporation during RTp,37) because of the

insufficiency of proximity capping.

     Kuhn et al. reported the stress conversion coefficient for
as-grown LEc GaAs wafer.28) Their value was given as

     Cc = Mcc/Scc = 2•6 x 107 (dyn-lcm-1) (3-24)
          is the normalized-stress conversion coefficient (cm'4)twhere M       cc
Scc = Otot/Snor, and Snor is the normalized stress which is

depend on the boric oxide layer thickness, heat transfer
parameter and the pulling rate in LEc growth conditions.34) This

vaiue reported by Kuhn et al. is larger than that for the EL2

production by RTP. This result also suggests the piastic

deforraation in the LEC growth or the difference of the
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 stoichiometry and carrier concentration between the LEC substrate
 and MBE layer.26r36)

      Possibly the plastic deformation enhances the production of

 EL2 by RTP. Figure 3-16 shows the thermal stress dependence of

 the EL2 production during RTP. The EL2 concentration increases

 gradually up to N2 x lo8 dyn/cm2, and in the higher stress

 region over 'v2 x lo8 dyn/cm2 the EL2 concentration rapidly

 increases. This result indicates that RTP must be performed in

                                                                ' the conditions which the thermal stress is below this critical

point.

     An origin of the EL2 production by therrnal stress is cannot

be concluded from present results. The antisite defect AsGa are

related to the stoichiometryr on the other hand, the

concentration of the native defect Asi, VAs, or divacancy may be

dependent on the thermal stress.38) rt is considered that these

defects are related to EL2 defect.39-44) The RTp-induced trap Nl

concentration are aiso dependent on the distribution of thermal

stress, because the Nl trap is not observed in the CL-800 sarnple.

Thus, the Nl might be structural defect which is similar atomic

                                                       'structure to the EL2. Zt is assumed from this reason that the Nl

defect is structural complex defect which can be composed of the
                                             .                                                    '                                                  'same point defects as the components of EL2. tto et al. suggests

that the Nl is the complex defect composed of some Asi and an

AsGa defect.45) The Nl distribution will be explained by this

model, assuming that the EL2 structure is AsGa-(X)M t Nl

structure is AsGa-(X)n t and X is a point defect which is

increased by the tensile stress. M and n are the number of X
                    '                                                .
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involved in EL2 defect and Nl defect. When the maxirnum number of

n is Q, we have the following reaction equations.

     ASGa(X)Q EiAsGa(X)Q-1 +X K)-- ''''Knil\!'1 AsGa(x)n + (N-n)x Kl'}i!EM

                          Kn=!!!s-1....K"/
     ASGa(X)n-1 + (N-n+1)X Nr--- f ASGa(X)M (= EL2) + (N'M>X
                                                     .... (3-25)

The mass action relations corresponding to the above reactions

are as follows.

                   1
     [ASGa(X)n] = [X][ASGa(X)n;1)
                 K                  n-M                      1                . [x]n-M[EL2] (3-26)
                 KlK2''e'Kn-M

tt the Nl size n is rnainiy N, the dominant Nl concentration is

written as follows.

                 1
     ENI]= [x]N--M[E],2J (3-27)            KlK2••''KN•-M

Therefore, the total concentration of Nl (Ntot) is
                 Q-M
     Nt.t=[EL2] ZA.[X]n (3-28)                n=1

       An = 1/KlK2''''Kn

The mean of the Nl defect size n :
            Q-M
             Z Ann[X]n
            n=1

            Q-M
             E A.[x]n
            n=1

Equation 3-29 suggests that the ntean Nl size n increases with

increasing the eoncentration of X. Frenkel defect concentration
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is proportional to the strain . Assuming that [X] is given

approximateiy by

     '[X] =B ot+Xo (3-30)
where B is the linear conversion coefficient, ut is the

hydrostatic tensile stress, and Xo is the concentration of X in

stress free condition, Substituting Eq. 3-30 into Eq. 3-27.

     [EL2] (B ot + xo)'-N+M

     [Nl] A                      N-M
CPhe [EL2]/[Nl]- ux piot is given in Fig. 3-17. ot is the

hydrostatic pressure, while ox is uniaxial stress. ox was,

however, used in place of the ut, because the stress uy and oz is

negligible. :n this case it is difficult that the curve obtained

from Eq. 3-31 is fitted to the [EL2]/[Nl]-cs, plot, because of the
variation of the number N-M. Figute 3-17 indicates the positive

vaiue of N-M, that is, the defect size for Nl is larger than that

of EL2. N-M is estimated to be between 1 and 4. For example, if
                             'the origin of EL2 is identified with AsGa-Asi, the Nl level

results in AsGa-(ASi)2, ASGa'(ASi)3, ASGa-(ASi)4,

or AsGa"-(ASi)s.

     The change of stoichiometry in GaAs crystal also causes

leads to the change of the Nl concentration. It is expected that

the formation of Nl is suppressed by the production of some point

defects, such as VGar which is produced by As evaporation and

outdiffusion of Ga into Si02 encapsulant. we can selectively

induces the defects Nl and EL2 in the surface layer in GaAs by

control of the stoichiometry and therrnal stress, which can be

changed by coating of the wafer with a discontinuous film. This
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technique is applicable to separation of devices on the

conductive epitaxial layer, since the electrical properties of

GaAs are controlled this midgap level which makes the material

SI. Figure 3-18 and 3-19 show the Fermi-level position in the

energy gap calculated using the 3-level model and carrier

concentration calculated from the result shown in Fig. 18. rn

this thesis, this application will not be followed, but be

reported elsewhere,

-61-



O.5

O.6

Q7

 O.8

:O.9

:
V i.O

wu

 1.1

1.2

1.3

R.T.

10
13 lo'` lo'5   EL2 CONCENTRATION(cm-3)

1 oi6  1710

 1010

 910

c•A)

`E
.,fl,

z9ioe
?
E
i
!
8
cttule7

E
s

 610

:

l
I
l
1
I
:
:
:
1

l
i
i
:
t

x
 it P
 lt

 ss
  sl
  ls

N
N

s
,

s
s

s
N

.
s

N
N

N
s

s
N

s
s

s
N

N
N

N
s

N
N

s
N

s
N

N

N
N

s

R. T.

s
s

N
s

N
N

n

1ois       1 oi6
CONCENTRATION (cm-3)

10

Fig.3--18. Calculated varia-
tion of Ferrni level in band
gap with the EL2 concentra-
tion. Acceptor level Ea(Be)
= O.028 (eV). Donor level
Ed(Si) = OeO06 (eV)• EL2
level Et = Ec - O.75 (eV).
Acceptor concentration
Na=1ol5(cm-3). Donor con-
centration Nd.1ol4(crn-3).

   Fig.3-19. EL2
   dependence of
   centrations p
   lated frorn the
i7 in Fig.3-18.

 eoncentration
    ,carrler con-
and n calcu-
 result shown

EL2

-62-



3.8 Surnmary

     Variations of deep levels in the MBE n-type GaAs layers by

RTP (700 - 900 OC) have been studied by DLTS using Au Schottky-

barrier diodes. RTP has been conducted by placing the sample

between a bottorn and a top GaAs wafer without any encapsulant.

In as-grown MBE GaAs iayersr there are three eiectron traps: Ml,

M3, and M4. These electron traps are annealed out by RTP at 900

OC. On the other hand, two electron traps Nl (Ec - O.5-O.7 eV)

and EL2 (Ec - O.82 eV) are produced by RTP.

     The spatial distribution of Nl and EL2 are observed. The

EL2 distribution is especially a W-shaped pattern, and the Nl

distribution is simiiar to EL2 distribution. It is supposed that

this peculiar shape of the spatial variation for EL2 and Nl

concentration is consistent with that of the therrnal stress

indueed by RTP. When RTP is performed with the guard ring

composed of GaAs pieces, in order to improve the temperature

nonuniformity and to prevent to generate the thermal stress, the

nonuniformity of EL2 production is improved and EL2 remains at a
uniform concentration of io14 crn-3 across the layer. on the

other hand, Nl is absent from the same layer. The therrnal stress

enhances the production of the trap EL2r but the origin of the

production is not only thermal stress.
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rV. D:STR:BUTTON OF DEEP LEVELS AND :MAGE PROCESSrNG FOR SEMI-

    TNSULAT:NG GaAs WAFERS

4.1 Zntroduction

     The nonuniforrn distributions of the deep donor EL2 and

dislocations are usually observed in the liquid-encapsulated
Czochralski (LEC) and horizontal Bridgman (HB) GaAs wafers.le5)

An understanding of how these defects are distributed throughout

crystals of GaAs is importantr since the nonuniformity of this

deep level or the dislocations in GaAs wafers is possible

candidate for the fluctuations of the characteristics in GaAs-
based devices.6t7)

     RTP has been proposed for the annealing of ion irnplanted
GaAsr8) and has attractive featurest for exampler minimum

redistribution and high activation of the implanted ions. The
 RTPr however, produces some deep leve18rlO) andthe siip

 linesll), that are distributed across the GaAs wafers.12) The

 inhornogeneities caused by the distributions of these defects in

 RTP GaAs must be evaluated and the distributions of these defects

 in RTP GaAs must be evaluated and improved.

      Zn this chapter, the redistribution of deep levels in semi-

 insulating (Sr) GaAs wafer by RTP is demonstrated and the

 distributions of deep levels are cornpared with dislocation

 patterns in undoped and rn-doped LEC GaAs wafers. The

 distributions of deep levels are detected by the contactless

 rneasurement of the optically injected excess carrier signal

 height by reflectance microwave probe (RMp) method.13) This
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method is a practical and useful to characterize the distribution

of deep levels in SI GaAs substrates at room ternperature. The x-

ray topography (XRT) is used to determine the relative density

distribution of the dislocations or the crystallographic sZip
                          'caused by RTP.

4.2 Contactless measurement by the reflectance microwave prove

    rnethod

                      '
     Figure 4-1 shows a schematic illustration of the apparatus

for the contactless measurement of optically injected excess

carrier concentration in GaAs wafer by RMP method (DArN:PPON

SCREEN MFG. Co. LTD. "WAFER--EL2"). A GaAs wafer was placed on

the position-controllable x-y stage against the output aperture

of the ridge waveguide. A Gunn diode operating at 10 GHz was

used as the detecting probe. The refleeted wave due to the

photo-induced excess carriers in the sample was isoiated by a

circulator. The excitation source for excess carriers was

semiconductor laser diode with the wavelength ef 904 nm. The

pulse width of the injection light was 150 ns. We can regard the

carrier concentration for the pulse width as the steady-state

concentration. Carriers cannot be excited directly between the

valence band and the conduction bandr in the case of light
irradiation by the 904 nm (1.37 ev) laser diode.13) They are

only excited through the interrnediate stepping states by the two-

photon process, as shown in Fig. 2. Therefore, the signal height

by microwave prove increases with the concentration of deep
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levels which causes near--infrared optical absorption, and the map

of the signal intensity presents the relative concentration
Profile of EL2.14,15)

     The transitions of electrons through intermediate-level

centers taking place under the iliumination by the 904 nm laser

are illustrated in Fig. 4-2. CVhe rates of six processes are also

shown in this figure. rf the injected electrons equal the

injected holes, the rate equations under steady state ( dn!dt =

dp/dt = O ) yield the electron and hole concentration.

Rate equations:

     dn/dt = Un Åë nt + ennt - cnn(Nt - nt) =O (4-la)
     dp/dt = ep Åë (Nt - nt) + ep(Nt - nt) - cppnt =O (4-lb)

Charge neutrality ( Ap = An ):

     nt =p-n+ Nt (4-2)
Mass action density:
     n* = efi/cnr p* = eP/cpr efi= unÅë+ enr eb= upÅë+ ep
                                                   .... (4-3)
Electron concentration:
     n3 + n*n2 - (n*Nt + n*p*)n - n*2p* = o ( n > o ) (4-4)

To demonstrate the detection of a variation of deep ievel

concentration by the RMP method, the eiectron concentration is

numerically calculated for steady state condition under the

iilumination by the 904 nm laser and shown in Fig. 4-3(a),

assuming that the transitions of electrons are onZy six as shown

in Fig. 4-2 and the intermediate center is the deep donor EL2 in

GaAs. We took no account of the band-to--band recombination. The

photoionization cross sections of EL2 for electrons (un) and
holes (cb) are 1.s x lo-16 cm2 and o.s x. Io'16 cm2,
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respectively.16) The therrnal electron and hole emission rates

(en, ep) are (s.3 x lo'2f 6.s x lo-5) (1/s), and the electron and

hole capture coefficients (cnr cp) are (2.o x lo"3, 3.3 x lo-11)

(crn3/s) at 3oo K.i7)

     Figure 4-3(b) shows the theoretical reflected power of 10

GHz-microwave by a wafer of 500 lmx thickness, obtained frorn the

carrier concentration in Fig. 4-3(a)t under the illumination with

varying photon flux (Åë). rt is found that this system is made

with enough sensitivity to permit analysis of GaAs wafer of the

ordinary thickness. The optimum photon flux for the high

sensitivity depends on a range of the EL2 concentration measured
by the RMp method. The optirnum photon flux of "vlo21 (crn-2s-1) is

known by this figure, because the EL2 concentration is commonly
within lo15 - lo16 cm-3 in LEc crystals. it is necessary that

the laser power is 400 rnW on the average, for sensitive detection

of EL2 with RMP method. The laser power in this experimental

system isr however, 10 W (r.m.s.). This result suggests that

the effective recornbination center such as EL6 in addition to EL2

center exists in these materiais.

4.3 Redistribution of defects by RTP

     The wafers used in this study were Cr-dopedr Zn-doped and

undoped, (100) oriented SZ GaAs grown by the LEC method. RTP was

carried out for the Cr-doped LEC 2 in.-diarn wafer at 800 OC for 6

s in fiowing N2 with another GaAs wafer placed over it (proximity

capping method). The heating rate was 50 OC/s, and the wafer was

cooled without any control. Tt took about 9 s to reach 600 OC.
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(a) (b)

Fig.4-4. The transmission x-ray topographs for the wafers (a)
before RTP and (b) after RTP.

     Figures 4-4(a) and 4-4(b) show the transmission XRT using Mo

K 1 radiation for the wafer before and after RTPr respectively.

RTP results in the generation of slip networks frorn the periphery

to the center of the wafer. The XRT of the wafer after RTP shows

a four-fold symmetrical pattern. The likely cause of the slip

generation is relief of thermal stress developed as a result of

small ternperature nonuniformity across the wafer.11t18) To

verify the correlation between a thermal stress distribution with

this experimentai result, we calculate the sum of the shear

stress resolved on {111} planes in the slip direction in the case

of the thin plate approximation, assurning that the heat radiation

rate is uniform over all radiating surface of the wafer and equal
to euT4, where ois the stefan-Boltzrnann constant, the GaAs

emissivity e is O.7 and the RTP ternperature T is 1073 K (800
Oc).11) The equations for the calculation are given, as follows.

                              -73-



Diffusion equations for RTp:18)

          d dT(r)     Kh/r---( r )= -2Q + 2•euT(r)4 (4-s)
         dr dr
       dT(a)     K =- eo T(a)4 (4-6)        dr

where Q = euTo, K is the therrnal conductivity, h is the sample

thickness, and T(r) is the temperature on the wafer.

Thermal stress by RTP:
                    A2              ctE H                  o     Orr = - ( 1/a - !1 (r/X )/ :1 (a/A )/r) (4-7)
                 K

                    A2              orE H     Uee =- O ( 1/a + rl (r/ A )/ rl (a/ X )/r
                 K
                             - Io(r/ A)/Tl(a/ A)/A ) (4-8)

     Ore = O

where ct is the thermal expansion coefficientt E is the Young's

rnodulus, Ho = EuTo4, A= Kh/8 eu[vo3, and Io, rl are the

rnodified Bessel functions ( order O and 1 ).

The result of this calculation is shown in Fig. 4-5. No slip

generation by RTP is observed near the four local rninima in the

calcuiated shear stress.

     Figure 4-6(a) and 4-6(b) show the contour map of deep level

concentration before and after RTP measured by the RMP method,

respectively. After RTP the signal intensity by the RMP method

increases at the center and periphery of the wafer. Hencer the

signal intensity profile shows a W-shaped pattern, especially

along the <100> radial direction. The increase of the signal

intensity indicates that deep levels are produced by RTP. We
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have reported that the trap EL2 is produced by RTP in molecular-

beam-epitaxial (MBE) GaAs and the spatial distribution of EL2
concentration shows the w--shaped pattern across the MBE wafer.12)

It seems that the present result in the LEC wafer measured by RMP

method is due to the same origin as the production of EL2 in the

MBE layer.14) According to the correlation between the pattern
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of the redistributed EL2 concentration by RTP and that of the

slip generation or the thermal stress, it is suggested that the

EL2 is produced by the iarge thermal stress during RTP. To

prevent the nonuniformity of EL2 and the slip caused by the

thermal stress during RTPt it is necessary to use the guard rings

for RTP or to employ therrnal processing with milder heating and
cooling rate.11)
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4.4 Distributions of dislocation and EL2 in LEC GaAs substrates

     Figures 4-7(a) and 4-7(b) show the XRT and the deep levei

map measured by the "WAFER-EL2" systern for the 2 in.-diam (100)

undoped Sr GaAs wafer grown by LEC method. The thickness of this

wafer is 450 Pm. The four--fold symmetry in the RMP signal

pattern of Fig. 4-7(b) is consistent with the dislocation

distribution in part (a) of these figures.

     Figures 4-8(a) and 4-8(b) show the XRT and the deep levei

map for the 2 in.-diam (100) Zn-doped SI LEC GaAs wafer. The

thickness of the wafer is 400 Pm. The RMP signal distribution in

the rn--doped wafer is aiso dependent of dislocation patterns. :n

the LEC and boat-grown GaAs, since the EL2 center is
predominantly observedl'2) and the neutrai EL2 causes the

dominant sub-bandgap near-infrared optical absorption,15) we can

consider that the RMP signal distribution presents the

distribution of the relative EL2 concentration. Thereforer in

these undoped and ln-doped wafers, these correlations of

dislocation and RMP signal patterns support the EL2 is a direct

consequence either of the stress (lattice strain) or of the

dis1ocation.
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4.5 Summary

     The detection of a variation of EL2 concentration in GaAs

wafer by the RMP method has been dernonstrated by the numerical

calculation. The contactless measurement by the RMP rnethod has

been adopted for the observation of the redistribution of the EL2

center in LEC SZ GaAs by RTP. The four-fold symmetricai

distribution of EL2 and he crystallographic slip is observed in

the 2 in.-diam (100) GaAs wafer after RTP. The redistribution of

the EL2 center in the GaAs waÅíer is due to the production of it

by the large therma1 stress during RTP.
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V. SPECTRAL RESPONSES OF GaAs PHOTOD!ODES FABR:CATED BY RAPTD

   THERMAL DrFFUSrON

5.1 :ntroduction

     GaAs photodiodes have a broad range of applications to

sensors and detectors for optical communications. Zn particular,

there is a interest in the application to monolithic

optoelectronic integrated circuits (OErC) including AIGaAs laser

diodes. Zn diffusion into GaAs is an important technique for the

fabrication of optoelectronic devices and its integrated
circuits.lt2) The furnace process requires high temperature and

long diffusion times. Consequently it is difficult to prevent

the surface degradation and to form the shallow heavily doped p-

type layers by the conventional open furnace processing.

     RTP with tungsten-halogen lamps has an inherent advantage of
short time processing3-5) and is appropriate for the GaAs device

processing, for instance, because it is expected that a

redistribution of prior doped impurity and surface decomposition
is suppressed6'9) in the modulation-doped structure. Rapid
        'therrnal diffusion (RTD) has been applied for the fabrication of

shallow p+n junction in GaAsP, and this shallow junction is

suitable for the construction of light emitting diodes and
photodiodes.10) Furthermore, the RTD of Zn into GaAs from a

doped Si02 film has potential applications in the Zn-diffused

junction stripe and the current blocking layer for laser diodesr

and shallow p+n junctions of the photodiodes on OEIC.

     In this chapter, we present the results of RTD frorn Zn-doped
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oxide films to n-type GaAs substrates, and the characteristics of

the p+ photodiodes fabricated by RTD of Znr which is studied with

spectral response and deep level transient spectroscopy. T

propose the RTD with the junction depth controlled by a heating

rate, and discuss the relation between depth profiles of Zn

concentration and spectral response of photodiodes.

5.2 Device processing for GaAs photodiodes

     The wafers used in this study were (100) Si-doped LEC n-type
GaAs ( n ev3 x lo17 cm'3 ). zn-doped oxide films with the

thickness of 200 nm was formed on the wafer surfaces by spinning

a solution consisting of alcohoi, tetrahydroxysilane and

carboxyester. Then these were placed face up on a Si wafer

susceptor in flowing N2 gas in a quartz tube and irradiated by a

cyiindrical array of tungsten halogen larnps. RTD of Zn was

carried out at ternperatures frorn 800 to 1000 OC for hold times of

O and 6 s at diffusion temperatures with the heating rates of 10,

50 and 70 OC/s, and the sample was cooled without any control.

The initial rate of cooling was about -30 OC/s. For comparison,

Zn diffusion using the conventional iurnace was also performed at

850 OC for 20 min. After Zn diffusion samples were etched in HF

to rernove the oxide fiims. To investigate the diffusion of Zn

into GaAs by RTD the carrier profiles were estimated by an

electrochemical C-V method. For the fabrication of photodiodes

by RTD was performed at 850 OC for O and 6 s with the heating

rates of 10t 30r 50 and 70 OC/s. Al and Au-Ge were alloyed onto
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the p+ layers and substrates, respectively, for ohmic contacts.

The junction area of p+n photodiodes is 1.67 mm2.

5.3 Experimental diffusion profiles

     The p+n junction depth from the GaAs surface is shown in

Fig. 5-1 as a function of the diffusion ternperature, where the

hoid time at the diffusion temperature was 6 s. The junction

depth is determined by a crosspoint of the bulk carrier

concentration and the hole concentration of Zn-diffused layer,

which are measured by the electrochemical C-V method. Zn

diffusions to deeper position as the diffusion temperature

increases, and the Zn concentration at the surface of the RTD

          TEMPERATURE ("C)
     1000 950 900 850 800
AE
A
v 1.0
=-aol

o
zo:
UzD5 Ol

O.78 Q80 Q82 Q84 Q86                   Q88 O.90 Q92 Q94           1OOo/ T ( K-'i )

Fig.5-1. The temperature
dependence of the junction
depth in RTD-GaAs for 6 s
with the heating rate.of
50 OC/s.

sample at soo Oc (N2 x lo18 cm-3 ) is lower than other sarnples (N

2 x lo19 cm-3 ). The diffusion ternperature of sso Oc is

appropriate to the fabrication of photodiodes by RTD, since the

surface concentration is not quite fluctuating in the
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temperatures over 850 OCt on the other hand the higher

ternperature above 900 OC are rather undesirable to prevent a

surface degradation of GaAs crystals.

     Almost all Zn atoms occupy the substitutional site in
GaAs.11) Hence the acceptor concentration profiles indicate the

Zn concentration profiles. Figure 5-2 shows the Zn profiles

obtained after RTD at 850 OC for O and 6 s, and the ordinary

furnace diffusion at 850 OC for 20 ntn. rt seems that the

diffusion is forwarded in the heating or cooiing stage of RTDr

since the Zn profile after RTD is nearly independent on the hold

time. Furthermore, the diffusion by the RTD is enhanced in

comparison with the furnace diffusion. This result is consistent
with that for GaAsp.10) This anomalously rapid diffusion

suggests that significant differences in the diffusion mechanism

exist between RTD in heating or cooling period and conventional

furnace diffusion. The anomalous Zn diffusion profiles in GaAs

or the dependence of the effective diffusion coefficient on the

impurity concentration by the furnace process have been explained

assuming that the interstitial Zn is the dominant diffusing

species and its concentration is controlled by the interstitial-
substitutional equilibrium.12'13) Tn rapid thermal processing

(RTP) it has been reported that the diffusion coefficient of Ga

in Si02 is found to be about two orders of magnitude larger than

that for conventional furnace processing, and slight loss of As
is observed.14,15) rt has been concluded that the RTp-induced

thermal stress at the Si02/GaAs interface in the heating stage is

responsible for this results. The RTP-induced stress are
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estimated at 1.2 x lo6 dyn/crn2e16) assuming that a ternperature

difference of 100 OC exists between GaAs and Si02 in the heating

stage. This therrnal stress is below the dislocation yield of

GaAs. However, the RTP-induced stress may result in some defect
productionr such as divacancies,17) or the rapid diffusion of Ga

to Si02 filrn may produce the Ga vacancy in GaAs surface layer.

Therefore, it is also expected that the diffusion coeffiÅëient of

the substitutional species is not negiigible. Zn addition, the

radiation by halogen lamps changes the hole distribution in GaAs

surface layer in the heating stage. !t is speculated that the

effective diffusion coefficient of Zn is increased by an increase
of the hole activity coefficient.12) Because each of the

radiation power and the thermal stress in the heating stage of

RTD is time-dependent, it is difficult to estimate the effective

diffusion coefficient of Zn by RTD.

     rf the Zn diffusion is enhanced in the heating stage of RTDr
the e' ffective diffusion coefficient of Zn raust increases with the

heating rate. Figure 5-3 shows the profiles of Zn concentration

obtained after RTD at 850 OC for 6 s with the heating rates of

10t 50 and 70 OC/s. Zn diffuses from the surface to a deeper

position as the heating rate increases in spite of the shorter
processing time.18) This characteristies of zn-RTD is important

for device fabrication, since the p+n junction depth is

controlled without extending the short diffusion tirne of RTD and

without elevating the diEfusion temperature. Figure 5-4 shows the

heating rate dependence of the junction depth of p+n junction by

RTD and conventional furnace diffusion. The p+n junction depth

increases as the heating rate increases.
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5.4 Characteristics of photodiodes fabricated by RTD

     Figures 5-5(a) and 5-5(b) show the spectral responses as a

function of heating rate of RTD at a diffusion ternperature of 850

OC for the hold time of O s and 6 s, respectively. The spectral

response slightly increases over the wavelength of 800 - 1000 nm

as the heating rate increases. On the other hand, the large

irnprovement in shorter wave length response is observed as the

heating rate decrease. For comparisonr the spectral response of

photodiode formed by furnace diffusion is also shown in Fig. 5-6•

The short and long wavelength response for the shallow junction

are to be attributed mainly to an contribution from the p-type

surface side and n-type bulk side, respectiveiy. Therefore if

the junction depth from the surface is decreased equally to a
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reciprocal absorption coefficient at short wavelength, the short

wavelength response for the shallow junction diode is improved by

an increased contribution frorn the n-side. In additionr

diffusion lengths Lnr Lp, ntnority carrier lifetimes Tn, Tp in

both surface diffusion layer and bulk region, and surface
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recombination velocity S are irnportant pararneters to deterrnine

the spectral response curve. To investigate which of variables (
                                       'Ln, Lp, Tn, S ) and junction depth Xj, attributes to significant

effects in a spectral response of RTD photodiodes, an analysis by

a numerical calculation has been made of the spectral response of

GaAs photodiodes, in which the effect of the electric field

present in the Zn diffused surface layer has been considered. We
have used equations (5-1) - (5-5) reported by Dale and smith19) to

obtain the theoretical response curves.

Bulk response :

        . exp( - orXj )
                                                             (5-1)     Ib ='
           1 + 1/( ct Lp )

Surface response :

             2 exp(-Xj(M-m)) exp(- ct Xj )( ct + m + M )

            1+(m+ SIDn )/M or + 2m + S/Dn
                                                             (5-2)     [      S ct +2m 1
             ct + 2m + s/Dn Ln2 (ct+ 2m + s/Dn )

     SR =G( :b+Is) (5-5)
twhere E is the electric field in Zn-diffused layert or is a

absorption coefficient as a function of wavelength for GaAs, Dn

is a diffusivity of electron in p-type surface layer, SR is a

total response and G is a arbitrary gain. The field E is due to

a very iarge impurity gradient in diffusion layers and aids the

flow of minority carriers from the surface towards the )unction.

                              -89-



wco

zoaco
tu
cr

u)
-<"tu
cr

  FURNACE
  20 min ...-.::7 .--;--`=,ts
                      N            -t. .-           .x .- N     6s/"'1:.-" N,.
      I...' N.       -' N     -'   /'/- Os 'Xk   't   '

/RTD 30 OC/s "y,
                              N N

s

ts.

400 50O 600 700 800  WAVELENGTH (nm)
900 1000

Fig.5-6. Spectral
responses of pho-
todiodes by the
furnace diffusion
at 850 OC for 20
minr and RTD for
O and 6 s with the
heating rate of 50
oc/s•

uut

zoaut

wct

tu

>:
<"ur
a

    Xi= O.1 pm

  O.3 .,-••-"'--"   ;t" `' ""'/-Z''
o>s. .. -• --' '-'"

::-- ';]-t}"lg. i::.. s-i.

 /!' o..7..----"" "" 1........-••"''" "gs

! ./ Q9 .,..••-•'" .•- .. al.
::"'i

....,l,'
s-3,•,,-.;trl/Ilt;'Ii/ltlli2{•'L':

' ..i>/-;r. Lf-r.{tg ::r,:1;•t••••"'"'

-- ;ttrrt--F--------r

fr:..i•-

400 500 600 roO 800
 WAVEtENGTH (nm)

9oo 1000

Fig.5--7.

curves.
tration
the bulk
donor Cb
3 x lo17

L =L pncm2/s. s

  Calculated response
The surface concen--
of acceptor Cs and
 concentration of
 are 2 x lo19 and
 crm-3, respectively.

= 1 um. Dn = 100
 = i x lo7 cm/s.

This would give a increase of surface response in the shorter

wavelength region. In Eqs. (5-1) - (5--5)r it has been assumed

that E has been constant across the diffusion layer, that isr the

inpurity concentration is an exponential function of Xj. E is

approximately estimated by the junction depth Xj. Figure 5-7

shows the shift in caiculated spectral response which would

result ftorn the photodiodes with different junction depths. The
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shift of practical response curve given in Figs. 5-5(a) and (b)

may be explained by the change of the junction depths.

     Figure 5-8 is an example of the agreement obtained between

theoretical and practical responses for the photodiode fabricated

by RTD for 6 s with the heating rate of 10 OC/s. The surface and

bulk region responses are also shown in this figure. The curve

caiculated for any vaiue of parameters has not agreed with the

practicai curves in the wavelength of 800 - 1000 nm. Perhaps

this difference between the practical and theoretical curves are

due to the difference between absorption coefficient of the

present samples and the data reported in Ref. 20, which are used

for the calculation of the theoretical spectra, or a dependence

of the lifetime on excessive carrier concentration. The best fit

over the wavelength range of 400 - 800 nrn has been obtained with

the parameters : Lnr Lp, S listed in Table 5-T. The junction
                                             -depths which are used in fitting are measured by the

electrochernical C-V method. The value of L                                             for the RTD diode                                           p
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prepared by the heating rate of 70 OC/s is much smaller than that

of the furnace-diffused one. rt seems that the bulk region

lifetime of the RTD diodes is decreased by the very high heating

rate above 70 OC/s.

Table 5-r. Analysis of spectral responses by the curve fitting.
Parameters : diffusion length of hole in the bulk region Lpt
diffusion length of electron Ln and surface recombination
velocity S in the surface region are obtained with the best fit
of the theoretical curve in the wavelength of 400 - 800 nm.

Hold Heating
time (s) rate (OC/s) Lp (um) Ln ( u m) S (cm/s) xj ( u m)

6

6

6

o

20 rnin

 10

50

 70

 50

(furnace)

7.2 x lo-1
7.2 x lo-1
1.1 x lo-2
3.6 x lo-1
5.1 x lo-1

7.2 x lo'2
5.1 x lo-2
8.s x lo-2
1.6 x lo-1
2.3 x lo'1

1 x lo7
1 x lo7
1 x lo7
1 x lo7
1 x lo7

O.14
O.29
O.79
O.27
O.45

     Figure 5-9 shows typical DLTS spectra for electron traps in

the heating rate of 70 OC/s. Four traps are observed, and three

traps among them are identified with the trap EL6, EL5 and
EL2.21) The thermal activation energy to the conduction band and

capture cross section of the trap Ez are o.s7 ev and s.g x lo-12

cm-2, respectively. The traps labeled EZ and trap EL2 are

generated by RTD.22-24) These RTD-induced deep levels are

possibly effective recombination centers in the photodiodes

fabricated by the high heating rate of RTD, and reduce the bulk
region lifetirne.25) The electron traps induced by RTp are

strongly dependent on the film thickness of sio2 encapsulant.26)
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The generation of the deep levels by RTD rnay decreased by using

the optimurn thickness of Zn-doped Si02 fiim. Zt is suggested

frorn the results shown in Table 5-r and the DLTS spectrum that

the spectral response curve of RTD-photodiode prepared by the

heating rate of 70 OC/s is under the influence of the degradation

of the minority carrier lifetime in the bulk region. On the

other handr the shift in the spectral response of the RTD-

photodiodes with increase of the heating rate to 70 OC/s is

caused by the heating rate dependence of the junction depth.
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               Fig.5-9. DZJTS spectrum for electron
               traps in the bulk region of
               photodiodes by R[PD for 6 s with
               the heating rate of 70 OC/s.

5.5 Nurnerical analysis of spectral response

     The photodiode characteristics are considered to be

sensitive to the parameters S, Tn, Lp and diffusion profile.
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To give the dependences of the spectrai response of GaAs photodiodes

on S, Lp, Tn, surface Zn concentration Cs and bulk donor

concentration Cb, spectral responses are calculated using the

pararneters around the values obtained frorn the experirnental.

response curves and listed in Table 5-I. Figures 5-10, 5-11, and

5-12 show the calculated response curves for five different L                                                             p'
Tn and six S valuesr respectively. The diffusion length Lp in

Table 5-I were considered to be reasonably accurate since the

response curves are quite sensitive to Lpt as shown in Fig. 5-10.

The responses are, however, insensitive to S and Tn, consequently

S is subject to considerable error. No great significance is

therefore to be attached to the large value of S in RTD-

photodiodes.

     The field E in the diffusion layer is dependent on the

diffusion profiles of Zn. We have examined the effect of the

electric field on the spectral response by using equations (5-1)--

 (5-5). Figures 5-13(a) and (b) show the surface and bulk

concentration dependence of the spectral response. The sensitive

GaAs photodiodes which have the very heavy surface concentration

of Zn and low bulk concentration is expected to be forrned by RTD.
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5.6 Sumrnary

     The properties of GaAs p+n diodes fabricated by RTD of Zn

into Si-doped GaAs frorR Zn-doped Si02 filras were presented. The

spectral responses of these photodiodes are dependent on the

heating rate of RTD. rn particularr the large improvement in the

short wavelength response between 400 and 800 nm is observed as

the heating rate decreases. Theoretical response curves are

given for both p and n region, with diffusion length, lifetirne of

minority carriers, and surface recombination veiocity as

pararneters. By curve fittingt it is concluded that the shift in

the spectral response of the RTD-photodiode by increase of the

heating rate so far as 70 OC/s is due to the heating rate

dependence of the junction depth. :n RTD with the rapid heating

rate above 70 OC/s, the diffusion length in the bulk region is

reduced by the generation of some deep levels. rt is rather

necessary to employ RTD with rnilder heating rate for the

fabrication of GaAs photodiodes.

     The sensitive GaAs photodiodes wilZ be fabricated by the

heavy surface concentration of Zn and low n-type bulk

concentration, that is, the steep diffusion profile easily

obtained by RTD is appropriate for the photodiodes.
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vr. coNcwsroNs

     :n this study, the nature and distribution of the

electrically active defects in rapidly therrnal-annealed GaAs have

been investigated. Deep levels arising from these defects or

impurities are characterized by DLTS, and its spatial

variations on wafer sampies and depth profiles are obtained by

the eontactless measurement of optically injected excess carrier

concentration by RMP method for Sr GaAs substrates and the DLTS

measurement for the large number of Schottky diodes per area on

the electrically active layers.

     :n Chap rl, the electricai characteristics and distribution
of deep levels in si-irnplanted ( 2so kev, 2 x lo13 cm'2 dose )

n+-type layers on S: substrates, activated by RTP are

investigated. :t is found that the trap Nr2 (Ec - O.55 eV ) or

EL2 ( Ee - O.78 eV ) is most dominant electron trap in RTA

samples over 800 eC, but in FA samples at 800 OC for 20 minr the

EL2 concentration decreases and the trap N:2 is dominant. The

notable spatial variation of Nr2 concentration is observed across

the wafer. rt is proposed that the trap NZ2 is created by the

association of defects in the original substrate and implantation

induced darnage during high temperature ( N800 OC ) annealing.

:t is possible that the non-uniformity of Nr2 concentration is

settled by improvernent in a perfection and purity of a LEC

substrates. On the other hand, the peculiar spatial distribution

of the EL2 concentration is not observed across the RTA sample.

rt seerns that the fiuctuation of EL2 concentration depends on the

LEC growth condition and EL2 concentration is, however, screened by
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the uniform EL2 production caused by Si implantation.

     In Chap. ::r, variations of deep levels in MBE n--type GaAs

layers by RTP have been studied with DLTS. Two electron traps Nl

(Ec - O.5 NO.7 eV) and EL2 are produced by RTP over 700 OC in

MBE layer. The electron traps N2 (Ec - O.36 eV) and N3 (Ec -

O.49 eV) are produced by RTP at 900 OC. The peculiar spatial

distributions of Nl and EL2 are observed across the RTP layers.

In particularr the EL2 distribution is found to be a W-shaped

pattern. :t is supposed that this shape of the spatial variation

is consistent with that of the thermal stress induced by RTP.

The thermal stress distribution has been computed by the

thermoelastic rnodel. The resolved shear stress on the (111)

plane has been cornpared by the EL2 concentration, and the stress
conversion coefficient has been determined as 2.36 x 106

(dyn-lcrnnt1). The plastic deformation and the change of

stoichiornetry also affect the EL2 concentration. The plastic

deformation enhances the production of EL2 during RTP. The

thermal stress shouid be suppressed below the yieid of therrno-

plastic defermation. The spatial variations of EL2 are suppressed

by use of the guard ring composed of GaAs pieces, since it is

effective to prevent the thermal stress during RTP, but EL2
remains at an uniform concentration of lo14 cme3 across the RTp-

layer. On the other hand, another dorninant deep level Nl

disappears by the use of the guard ring.

     The evaiuation of the defect distribution in the conductive

and SI wafers is important for the integration of GaAs devices.

rn Chap. ZVr in order to determine the spatial distributions of
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the midgap defect concentration in LEC SI GaAs wafers, the

reflectance-microwave-probe rnethod using optically injected

carrier is employed. The four-foid symmetrical distribution of

EL2 in the (100) plane is observed after RTP. This distribution

corresponds to the crystallographic slip generation pattern

obtained from X-ray topography. The correlation between the

pattern of the redistributing EL2 concentration and the slip

generation in the RTP wafer also indicates that the EL2 is

produced by the large therrnal stress generated in RTP. The

similar distribution of dorninant generation-recombination centers

and dislocations are observed in undoped LEC wafer before RTP,

but are not observed in Tn-doped wafer.

     :n Chap. V, to dope Zn acceptor Erom Zn-doped oxide film to

n-type GaAs substrates, RTP is appiied. Zn order to investigate

the diffusion of Zn into GaAs by RTP the carrier concentration

profiXes were estimated by an electrochemical C-V method. The

the depth of p+n junction is controlled by the heating rate of

RTP without extending the diffusion time. Furthermore, the p+n

photodiodes fabricated by RTD of Zn were characterized with the

analysis of spectral response curves and DLTS. The spectrai

response of photodiodes formed by RTD is strongly dependent on

the heating rate. The improvement of the spectral response in

the wavelength of 400 - 800 nm with decreasing the heating rate

is mainly caused by the dependence of Zn diffusivity upon the

heating rate. rt is found from the analysis of the $pectral

response that the diffusion length of minority carrier in the

bulk region is degraded by the generation of some defects in the

photodiode fabricated by the RTD with the rapid heating rate over
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7o Ocls.

     Consequently, in order to prevent the RTP-induced thermal

stressr the ternperature gradient rnust be suppressed by the use of

the guard ring on the wafer edge or forming an oxide ring on the

wafer surface in the periphery to reduce the light reflectance

from this region. RTP with the milder heating and cooling rates

is a simple and effective method to suppress the large thermal

stress. RTP at 800 OC or so, with regard for these conditions,

is appropriate for the GaAs device processing, such as the

activation of ion implants, defect annealing, and impurity

diffusion to form shallow p+n junctions.

     Although this study would give a knowledge of electrically

active defect productiont elimination and defect distribution on

the GaAs wafer during RTPt further investigations are needed for

understanding the production rnechanisrns and the origin of

defects. Tt is possibly expected that the electricai properties

of the epitaxial wafers are controlled by the intentional and

selective introduction of rnidgap center. Zn additionr it is

irnportant to study the effects of RTP on the insulator/GaAs- and

hetero- interfaces.
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