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Mechanism of electron-beam doping in semiconductors
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A mechanism of electron-beam dopiffgBD) was investigated. A semiconductor surface was covered by an
overlayer of impurity sheet and the overlayer surface was irradiated with high-energy electrons. Interstitials of
displaced atoms in the overlayer, which were introduced by irradiation, migrated to the surface or the interface
of the semiconductor. These strongly diffused at the surface with a very large surface diffusivity of the order
of 107° cn? sec’* and also had a volume diffusivity of the order of 28 cn? sec ™. High impurity concen-
trations in the surface layer during irradiation were found to be on the order of the concentration of the matrix
atoms. The three main points noted in EBD were the followingthere was room-temperature diffusidn)
surface diffusion played an important role, afid) enhanced diffusions, due to the kick-out mechanism and
recombination, occurred.

[. INTRODUCTION two-layer structure such as Gef@ie Ge wafer is placed on
top of Si crystals and Zn/GaAs by electron-beam doping.
Electron-beam irradiation has mainly been used in ordefhe latter is compared with calculations of the concentration
to study damage defectsThe threshold for displacement of for the displaced atoms done on the basis of classical Cou-
the sulfur atom from a lattice point in CdS has been mealomb scattering. The energy spectra of primary displaced at-
sured to be 8.7 e¥/In these experiments the crystal was halfoms were calculated from the electron energy spectra esti-
coated with vacuum-evaporated sulfur @@cn? thick. The ~mated by means of a Monte Carlo simulation. The
crystal was bombarded with 100-keV electrons-&t00 °C mechanism of EBD was experimentally and theoretically in-
for about 2.3xA hicn. After irradiation the crystal fluo- vestigated, taking account of migrations of interstitial atoms,
resced bright green at 77 K under UV stimulation. Myersurfa_ce diffusion, the surfacg layer of high cqncgntration im-
reported on an electron-beam plasma-doping process Urities, and the concentration- and recombination-enhanced
19713 In the case of these experimentstype silicon was  diffusions. _
loosely covered with soft aluminum foil; 18 um thick. Us- EBD processes would be useful with advantages over al-
ing an electron-beam welder, a 10-msec pulse of 100 ke\;,ematlve doping techniques, because even in the damageless
0.5 mA and 0.4-mm diameter was aimed at this foil, perfo-"€gion and at room temperature doping processes may be
rating and volatilizing the foil and forming a miniature POSSible.
plasma at the point of impact. The plasma, in turn, locally
melts the underlying semiconductor crystal and injects dop-
ant into the micropuddle thus forméd.
In 1980, an electron-beam dopitEBD) method at room The wafers used in the experiments for temperature de-
temperature was proposed by one of the authidfada.*~*  pendences of EBD wene-Si [B-doped(111), 25—-50€) cm,
This study was also concerned with general problems 06x5x0.35 mn?] andn-Ge[Sb-doped111), 5X5x0.5 mn?]
semiconductor physics. In this method the surface of semitFig. 1(a) (i)].
conductor substrates is covered with an overlayer of impurity For the experiment of surface diffusion using the sample
sheets, which were separated. The surface of the impuritgf Ge/Si, a surface of Si substrafe-type, N-doped(111),
sheet on the substrate is bombarded with high-energy eleg=20-45 Q) cm, 17x30x0.25 mni] after RCA cleaning
trons. The electron energy is 750 keV and 3—9 MeV, and thevas covered partially with a Ge wafén-type, Sh-doped
electron fluence i61-10x10'" ecm™2. More effective EBD  (111), p=0.01 Q cm, 10<10x0.5 mn?], as shown in Fig.
is obtained in another case of a two-layer system in whichL(a) (ii). The overlain sheets are in physical contact with the
the impurity layers were deposited on the substrate. Alloyingsubstrate, whose surface has a surface microroughness within
layers are also formed at the interface of such sanpléis. about 10 A. Only the surface of the Ge wafer was irradiated
water is used instead of an impurity sheet, EB oxide layergocally through an aperture of thick Al plate over the sample
are grown on the substratdThe mechanism of EBD, how- in a vacuum(10° Torr), and with a total fluence of}210'®
ever, has not been clear. Surface diffusion of impurity atom® cm ~2 at 7 MeV from an electron linear accelerator as
is an interesting process, but there has been little study of ishown in Figs. (a) (iii) and Xb). The thickness of 40-50
In the present paper, we carried out experiments on thenm for the Al plate is much larger than the rangel5 mm)
surface diffusion of impurities, and on the electron energyof electrons. The edge of the aperture of the Al plate was
dependences of the impurity concentrations for samples of aligned with the edge of the Ge wafer on the Si substrate,

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. (a) Schematic diagram of EBD experiments for the tem-
perature dependencés. For the surface diffusion in vacuum for
the sample dimensiofii ), thick Al materials used to mask perfectly
(iii), and for the effect of interface between substrates and overlain
sheet[(iv) and (v)]. Schematic diagrams of electron irradiation in

vacuum(b) and in water(c).
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such that only the overlayers were irradiated. The accelerator
operated with a pulse width of3.5 us, a 200-Hz duty
cycle, and an average electron-beam current of.A@m 2

(a peak current density of 60 mA ¢f). In this case, the
temperature was about 150 °C, which was monitored by a
thermocouple contacting the sample. After irradiation and
RCA cleaning, the concentration profiles of impurity atoms
in Si were measured utilizing secondary-ion-mass spectros-
copy (SIMS) (CAMECA IMS-3f). A focused oxygen ion
beam(diameter~40 um) with an ion energy of 8 keV was
used in a %10 °-Torr vacuum.

For experiments on the electron energy dependence of the
impurity concentration, the samples of the two-layer struc-
ture Ge/Si, which was composed of a Ge overlaj@b-
doped (111), 5X5x0.5 mnt] and a Si substratB-doped
(111), 25-500 cm, 5<5x0.35 mnd], were irradiated with a
total fluence of~5x10' e cm 2 at 3, 5, and 7 MeV. The
samples were enveloped by an Al foil. This foil was sup-
ported in a gap between a kapton foil and a mount, and was
put in a circulating water bath. The bath was kept at a con-
stant temperature of 60 °C by using a thermoregulator, as
shown in Fig. 1c). The beam heat transfer was done from
the samples to the chamber walls of copger stainless
stee), or the water and then onto the substrate. Distributions
of Ge impurity atoms in Si were measured by SIMS and a
Rutherford backscattering spectrome(®BS). The values
measured by SIMS were in agreement with those done by
RBS.

The two-layer structures of the Zn overlayer and GaAs
substrate, Zn/GaAs, were also used. Wafers of the substrate
were (100)-oriented Si-doped GaAg=0.5 mm), and the Zn
materials were 99.99% pure sheet with dimensions>6 6
X 0.2 mn¥. t represents the thickness of the wafers. The sur-
face of the overlayers was irradiated with a total fluence of
1x10'" ecm 2 at 7 MeV and at 50 °C in water from the
electron linear accelerator, anck20'” e cm ~2 at 750 keV
and at 100 °C in air, with a mean current density of 8.1
wAcm™2 from the Van de Graaf accelerator provided by
Nissin-High Voltage Co. Ltd.

In the experiments for atoms crossing the gap and inter-
face to the substrate, a Ge wafer was sandwiched between
two Si wafers in an array [Fig. 1(a) (iv)], and was placed
with separations of 1 mm between Si wafers in an array 2 in
which quartz piecefl(t)x2x2 mnt] were used as spacers
[Fig. 1(a@) (v)]. Spacers were set in corners on wafers of
layers 1 and 2, as shown in the figure.

In the three-layer systems, the Zn sheet was sandwiched
between Si and GaAs, and each was in contact with another
surface; that is, Silayer 3/Zn (layer 2/GaAs (layer J).
Their samples wer¢l00-oriented undoped semi-insulating
GaAs(t=0.6 mm) grown by liquid-encapsulated Czochralski
(LEC), (100)-oriented B dopedp-type Si(t=0.5 mm and
99.9% Zn(t=0.5 mn). The surface of layer 3 was irradiated
with a fluence of~5x10'" ecm 2 at 7 MeV and 50 °C.
PhotoluminescencéL) measurements were also performed
at 77 K. The samples were immersed in liquid nitrogen, and
a focused argon laser bedB0 mW, 5145 A was used as the
excitation source.

Il. EXPERIMENTAL RESULTS
A. Temperature dependence of EBD

There exists the following proof that EBD is not a thermal
process. In the case of a Ge overlain sHee0.5 mm and
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The diffusion profile is not a complementary error func-

Irradiation tion. This suggests that the diffusivity is concentration de-
temperature pendent. The analyses of Boltzmahand Matan®® are used
3 4000 ° 28 °c si e to obtain the concentratiof dependence of the diffusivity
5 . 20 D(C). The values oD(C) at x<0.01 um andx>0.01 um
e | | for Ge are observed to be 1¥-101° and ~10"6-10"*
) [ cn? sec }, respectively. These estimated values of diffusivity
2 wﬁg.mg%‘_ are much larger than what would usually be expected at
o 2000} °<§6°365g§‘ ) x 40 50 °C in a case of a mainly thermal process. The valugpf
£ o is estimated to be-1.4x10?° cm 3. The resultant plot is
< mainly composed of three curves. It is suggested that three
g kinds of species diffuse into the substrate. The diffusivities
. O;I/x of D(C) atC=1x10%° cm 3 for 20, 40, and 60 °C which are
0 ! L ,,,q-aésb*‘ 188 ¥R s estimated by the analysis of Boltzmann and Matano from the
20 40 60 80 curves, are indicated as a function of reciprocal irradiation
Channel number temperature. From this curve, an activation energy for the
(a) diffusivity in Si is obtained to be about 0.2 eV. Also, the

intensity ratio of “Ge" ions t0?%Si* ions in the case of the
irradiation in a vacuum for G&~0.5 mm)/Si was measured.
The sample was irradiated with a fluence -o#.7x10' e

2l E=7MeV cm 2 at ~250 °C. The values oD (C) range from 108 to
10 ¢=5x10" e/cm2

4x10°1 cnm?sec’t. The value ofC, is estimated to be
~5%x10?° cm 3. The concentration profile of impurity atoms
in Si irradiated in a vacuum is similar to that irradiated in the
water bath. This suggests that interfacial oxides and capillary
water layers in the contact of the overlayer and substrate
might not be seriously affected for electron-beam doping. It
is considered that the displaced impurity atoms may mainly
migrate in the interface of overlain wafers and substrates by
surface diffusion, as will be cited below, and that very few
displacements transfer to the chamber wall or water or to
other materials in contact with the overlayer.

176e*) 11(28si*) (arb. units)

B. Surface diffusion

- Figure 3a) shows the concentration profiles of Ge atoms

10 o 0.(')1 il 0.102 ' 0.103 0.04 as a function of lateral positioxin the unirrradiated regions
Depth (um) of the Si substrate surface. It is shown that Ge atoms were
(b) detected even at a distance of 10 mm from the edge of the

overlayer. It is found that Ge impurities diffused into the
] o ) unirradiated regions, i.e., that surface diffusion occurs. The
FIG. 2. (a) Backscattering spectra for the irradiated Si at randompalrameters are the different depths of 50, 100, and 200 A
conditions at different irradiation temperaturés) Intensity ratios ¢y the Sj surface. The resultant plot is mainly composed of
?r];niGsirft;cesolf S'rl‘ the Si substrate as a function of depth from the , , ,rves. This suggests that two kinds of species diffuse at
' the surface. The diffusivitieB for the surface diffusion are
Si substrate, the backscattering spectra in random conditiorgstimated ag1.7-2.9x10"° cnsec * from these profiles
by 1.4-MeV H€ ions are shown in Fig. (@) for the speci- by using the analysis of Boltzmann and MatdA@nd they
mens irradiated at 20, 40, and 60 °C in water with a totalare on the order of 18 times larger than volume diffusivi-
fluence of~5.1x10' ecm™2 at 7 MeV. The number of Ge ties.
peaks in Si increases with increasing irradiation temperature. In the similar case of GaStm-type, 5x5 mn?)/Zn/GaSbh
From a curve of the maximum Ge concentratidg, esti-  (n-type, 510" Te cm 3, 5X15 mn?, t~400 um) irradiated
mated from the backscattering spectra versus reciprocal irrdecally by electron beam as shown in Figbg the resistiv-
diation temperature, an activation energy of the sputteringties of the GaSh substrate were measured by the four-point
yield for Ge atoms into Si is estimated to be about 0.3 eVprobe method. These results show that only the irradiated
The intensity ratios of‘Ge" ions to?3Si* ions in the case of region became a high resistivity layer, and that the unirradi-
Ge (t~0.5 mm/Si irradiated by the same conditions as de-ated region(x>6 mm) did not change from the original re-
scribed above are shown in Fig(b? as a function of depth sistivity. This suggests that the region of substrates which is
measured from the Si front surface, which is in contact withnot covered by the overlayer, as shown in Fi@) 1ii), is not
the overlayer. SIMS measurements were performed by usingradiated. The electron beam may have scattered sideways
the primary ion(O,*) beam with an ion energy of 7 keV. For within several tensum out of the edges of the Ge sheet to
Si wafers irradiated without impurity sheets, the*Geeak  produce the observed doping, as mentioned in a previous
disappeared. paper’
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FIG. 3. (a) Concentration profiles of Ge atoms which were in-

troduced into the Si substrate as a function of the lateral position in

the unirradiated region, measured at different depth)sResistivity
profiles of GaSb substratésx 15 mn¥) irradiated locally and cov-
ered partially by the overlayers of GaSb(Bx5 mnf) as a func-

tion of lateral position in the substrate.
C. Electron energy dependence of impurity concentrations
1. 3-, 5-, and 7-MeV electron irradiations of Ge/Si

The relative signal intensity ratiol "“Ge)/I(%Si) mea-

sured by SIMS at the surface of the Si substrate are shown by

a marko in Fig. 4 as a function of electron energy. The ratios
increase with the increase of electron energy.

2. 0.75- and 7-MeV electron irradiations of Zn/GaAs

Figure 5 shows typical ratios of the SIMS signal intensity
of Zn to that of Ga in the GaAs substrate irradiated by 0.75-
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1("*Ge)/I(?8si), and theoretical concentration of displaced Ge atoms
in a Ge wafer.

trons is about 3.8 times as large as that doped by 0.75-MeV
electrons at the surface. The resultant plots are also mainly
composed of three curves. The diffusivities obtained from
these curves are about 10 and 10%° cn?sec! at 0.75
MeV, and about 10% and 10%* cn?sec! at 7 MeV, re-
spectively. The ratiod(®*zn)/1(*9Ga) at the surface of the
GaAs substrate are shown by a m&pkin Fig. 6.

D. Three-layer array

The results of SIMS measurements were plotted in arbi-
trary units as functions of depth from the front and back
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FIG. 5. SIMS intensity ratios of(®*zn)/1(®°Ga) as a function of

and 7-MeV electrons as a function of depth from the surfacelepth in the GaAs substrate for the samples of Zn/GaAs irradiated
of GaAs. The impurity concentration doped by 7-MeV elec-with 1x10'7 e/cn? at 7 MeV and X 10" e/cn? at 0.75 MeV.
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before irradiation

1(54Zn)/1(%°Ga) and theoretical concentration of displaced Zn atoms
in a Zn sheet.

surfaces. The concentration profiles of Zn and Si atoms in a
GaAs wafer are shown in Fig. 7. Surprisingly, the results BT
indicate that the irradiation caused not only the indiffusion of
Zn atoms from layer 2Zn), but also that of Si atoms from
layer 3 (Si) into layer 1(GaAs through layer 2(Zn). The
concentrations of both Zn and Si atoms are very high near FIG. 8. 77K-PL spectrum for a GaAs wafer of the sandwiched
the surface, while they seem relatively low and almost conarray of Si/Zn/GaAdarray lll) (a), array of overlayer Zn/substrate
stant except in the vicinity of the surface; i.e., the profiles areGaAs (array 1l) (b), and without a Zn shedt). 77K-PL spectrum
U shaped. The diffusivitie® estimated from the SIMS pro- for a typical virgin GaAs specimen before irradiati@). The mea-
files using the analysis of Boltzmann and Matano are alssurements were all done before thermal treatment.
indicated in the figure for both Zn and Si atoms.

Figure 8 shows a typical result of the PL measurement(layer 1) consists of a single peak even before annealing, as
The PL spectrum at 77 K from the front surface of GaAsshown in Fig. 83). The peak at 1.44 eV with a full width at

Photon Energy (eV)

Front surface

Back surface

half maximum(FWHM) of 0.035 eV is attributed to the Ga
antisite defect, Ga.*®?° The result of PL measurement
from the back surface of layer 1 is similar to that shown in

o= =] Fig. 8@). However, although the GaAs wafer before irradia-
107 =7 MoV tion initially shows strong band-edge emissifsee Fig.
106k R ¢:5x1o’7e/cm2 { 8], no PL observed from the GaAs substrate before an-
"~ . eront surface J—o N nealing when the GaAs wafer was irradiatéd=7 MeV, and
Z 108 (x=0) [ GaAs d=5x10'" ecm ~2) without a Zn sheét [see Fig. &)], or
3 | Y \Ba(cxk:tu;face when it was irradiated in a two-layer array of Zn/Gajsse
o 104 Fig. 8b)].
3AY o182 2 -1
2 ° D_]O 10" fems ) E. Effect of interface between substrates and overlain sheet
§ 102 ) ) Three-layer structuregarrays 1 and P are illustrated
= Si Si schematically in the insets of Figsi@ and 9b). Surfaces of
10 ' overlayergSi of layer 3 in the respective arrawere irradi-
s Zn  2n . ated with a total fluence of¥10'® ecm 2 at 7 MeV from an

10

1 1
1515

1.0 05 0

Depth in substrate {GaAs) (um)

electron linear accelerator. During irradiation, samples were
kept in a vacuum of 10° Pa and at about 50 °C.
Figure 9a) shows the Auger electron spectroscdpfS)

FIG. 7. Concentration profiles of Zn and Si atoms in GaAsenergy spectra obtained from a front surface ofl&yer 1),
(layer ) measured by SIMS as functions of depth from both thewhose direction is indicated by an arrow in the inset of the

front and back surfaces. Values of the diffusivilyare also indi-

cated incris L.

figure. The signal intensity of GeMM is nearly equal to that
of Si KLL. This means that a number of Ge atoms are ad-
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& i IV. DISCUSSION
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aoopl— e, L point. Figures 1() and 1@b) show schematic views of the
1000 1500 potential-energy distribution at or near the surface. The dif-
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FIG. 9. AES spectra obtained from the surface ofl&jer 1) in whereDy is the diffusivity of the surface diffusion, andg,

array 1(a) and array 2b), which are indicated by an arrow, respec- represents stay times for the adsorption, which are written
tively. by23

sorbed at the Si surface. The AES signal of Ge was also Ta= EXP(Ea/KT)/v=1oexp(E4/KT), 2
observed from the Si surface of layer 3. Si atoms were alsQ

detected from the both surfaces of the Ge sheet by AES, .0 frequency normal to the surfae, is an adsorp-

Figure 4b) ShOW.S th? AES S'.Oec”a obtained fro_m the SItion energy which depends on the degree of surface cover-
surface, whose direction is indicated by an arrow in an arra;((j,lge and. is given by
’ S

2 in the inset of the figure. No Ge signal can be observed. On
the surface of the other Si waféayer 3 and both surfaces
of Ge sheet, Ge and Si atoms could not be detected by AES.
In this experiment, as the displaced atom did not diffusewherea is lattice constant, ani,, the activation energy of
through a surface of insulating quartz spac@iGe atoms of  migration of an adsorbed atom. The diffusivitidg are esti-
layer 2 could not arrive the surface of the Si waflayer J). mated as 2.810 ° cn? sec * from the profiles by using the
The latter results suggest that the displaced atoms in thenalysis of Boltzmann and Matatfdn the experiment with
overlayer can scarcely be emitted into the vacuum, ande/Si. By using the experimental values®@f and X, and
hardly be adsorbed on the substrate wafers. Therefore EBBssumingy,=10"sec !, r, andE, are roughly estimated as
can be performed only when the overlayer is in contact with10* sec and 1.4 eV, respectively. These values.pandE,
the surface of the substrate, because of the occurrence fifr the adsorbed atom correspond to those in a loosely bound
surface diffusion of atoms at the interface of contacted waphase, which have been reported for the adsorption of cad-
fers. mium on tungsteR® For a®=10"'° cn?, E¢4=0.3 eV at

here 7, is considered to be the inverse of the adatom vi-

Ds=a’voexp— E¢q/kT), 3
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TABLE |. Estimated concentrations of Frenkel defects, observed complex defects, measured total vacancy defects, recombination defects
and interstitial sinks near the surface. Example of electron irradiation. 0.@)m®'® cm3=100 A(t)x10?? cm
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—3

Number

Total fluence of
7 meV electrons
No. of Frenkel defects

$=4x108 ecm™2

Ne=(production rate in St fluence
=8X4x10'%=3.2x10'° cm 3

(100%
Measurement of defect
density
(1) V (vacancy+O (Oxygen
[A centet 5% (DLTS)
(2) V,+0 1.5%(EPR
(3) V5 (divacancy 0.8% (EPR

(4) 1§ (di-interstitial

Total observed vacancy
defects

Recombination rate of self-
interstitials and vacancies
(I +V—annihilation

Total interstitial density
(=total vacancy densily

0.08%(EPR
Nsv=NyiotNy2+Nyoi0

=10%(3.2<10'® c¢m 3
NF_ NEVZQO% NF

N; +N;,=Nsy~10%

150 °C in vacuum for Ge/Si, while for Zn/GaA3,=10"*
cn?sec!, 7=1x10° sec,E,=1.0 eV, andE,4=0.1 eV at

copy (DLTS) for V+0. From these results, the total concen-
tration of the vacancies, being stable due to the complex

50 °C in water. These mean that an adsorbed atom migratefects as above, is about 10% Frenkel deféet3.2x 108
as a free atom at the surface, because of the very large valgen3) (Table I). A remainder concentratiof®0%) of vacan-
of Ds. cies may mainly recombine with the interstitials of Frenkel
Using Pauling’s formufé for the calculation of, based  defects in the bulk of the waféTable ). Therefore there are
on a covalent bonding modet, is given by unrecombined interstitial concentrations in crystal, nearly
1 2 equal to that of the total observed vacandie3%) (Table ).
Ea=2(Dant Des) +23.06 xa~ xa)", “) They may sink at or near the surface. If 10% of the unre-
where Do, and Dgg are the bond energies for like mol- combined interstitials, produced in the overlain wafer with a
ecules, angv, and yg are the corresponding electronegativ- thickness of 0.03 cm, migrate and sink into the surface layer
ity coefficients. One calculates the case for germanium owmf 100 A, the concentration of migrating interstitials be-
silicon asE,;=1.73 eV, as opposed to the observed value olcomes on the order of the matrix atoiable ). The surface
E.=1.4 eV. This may depend on the degree of surface covdiffusivities of impurities were on the order of ftimes as
erage. large as the volume diffusiviti€’€. The supersaturation of the
introduced interstitial may be built up near the wafer surface,
depending on whether the kick-out mechanism domirfites.

A number of vacancy and interstitial pairs as Frenkel de A monolayer or so of impurity atoms at or near the surface of

fects are produced in a crystal such as Si by irradiation ofhe substrate may possibly be formed during irradiation. An

high-energy electrons. A large fraction of vacancies may re0rigin of the enhanced diffusion of the impurity into the sub-

combine with the interstitials. While some part of the vacan-Straté may be the surface high concentration layer. The ex-
rimental results suggested that roughly about 0.1-1% of

cies form complex defects such as oxygen-vacancy pairs a i ;
impurity atom-vacancy pairs, which result in stable defectst"€ total displaced atom&renkel defectsproduced in the

generally surface region is considered as a sink for defectQVerlayer by electron irradiation were doped into the sub-

involving displaced atoms such as interstitials. UnrecomStrate.

bined interstitials migrate and sink at or near the surface.

For simplicity, the production rate of Frenkel defects in
Si for a 7-MeV electron is assumed to be about 8 LAt
The concentration of Frenkel defects introduced with During irradiation, the incident electrons collide with tar-
d=4x10" e cm “? asNg=3.2x10"° cm 3, as indicated in  get atoms, transfer part of their energy, and produce primary
Table I. Experimentally the respective values gf for  displaced atoms. The displaced atoms in turn collide with
V,,V,+0, and V+O complex defects were obtained as other atoms in the lattice, thereby producing additional dis-
0.8%, 1.5%, and 5%, respectively, as tabulated in Table Iplaced atomginterstitialy and vacancies, i.e., the Frenkel
They were measured by electron paramagnetic resonanckefect. It seems that the energies transferred to the displaced
(EPR for V, andV,+0, and deep-level transient spectros- atoms are significant for EBD.

B. Surface layer of high concentration impurities

C. Energy spectra of primary displaced atom
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The energy spectra of electrons at different depths in Si

for incident electron energies of 0.75 and 7 MeV were cal-  0-04[ (a) 0.75 MeV

culated. The results were obtained by using Sugiyama’s

progran?’ for a Monte Carlo simulation for the theory of fast F

electron penetration in mattérThe program took account of € ¢.02}- 0.01

multiple scattering of electrons, straggling of electron energy‘z; 0.015
losses by ionization and excitation of atoms, production of - B 0.08 0065 0.05 0.03
knock-on electrons, and bremsstrahlung photons. For photorg 0 y ]

penetration, the photoelectric effect, Compton effect, pair & 0 5 10 15 20
production, and annihilation radiation from positrons at rest g
or in flight were also taken into consideration. Lattice vibra- = depth z=018cm
tion due to electron irradiation and electron channeling is not @ ¢ 1ok
considered in the calculation. Although electrons transmittedf (b) 7 MeV
by electron channeling exhibit an orientation dependence, ©
the effect of this may be small due to the scattering of elec-
trons in the sample with a large thickness. Electron channel-
ing has been measured for the sample with the thickness of
~6 um.28 The electron energy spectrfEy,Eg,z) calcu-
lated with this program were in agreement with the experi- 0.88

mental results for 400-keV electrohsThe energy spectra of \Ea 1.ols — ,

primary displaced atoms were calculated from the electron 0 80 S0 100 10

energy spectra as a function of average energy transfer Average energy transfer Ep (eV)
E 29,30
p

~ depth z= 0.005 c¢cm

ber

035
0.05-

0.53

Relative num

— FIG. 11. Theoretical energy spectra of primary displaced atoms
Ep=Ed(INEn/Eq— 1+ 7a), (5 as a function of average energy transfer for Si samples irradiated
where a=2/137, andZ is the atomic number of the struck With 0-75-( and 7-MeV electrongn).

atoms,E4 a characteristic displacement energy, d&hdthe

maximum energy transfeg,, is given by current density of 60 mA/ch(an average current density of
40 uAlcm?), a pulse width of~3.5 usec, a 200-Hz duty
Em(eV)=560.8&(X+2)/A, (6)  cycle, on an electron energy of 7 MeV. The samgtes- or

whereA is the atomic mass of the stuck atoX= EB/mcz, three-layer structurgdhave a dimension of 0260.5X(0.06—
andmc@=0.511 MeV. The number of primary displaced at- 0.1) cn?. For the above conditions, the3 absorbed electrical
oms as a function of average energy transfer and deptﬁhert%'bes '3 tlhi Scarl‘;pis?redé;b?rug%l‘?h C?/PU'?‘;(]U&}[”-
TN e : siently) and 1.1 Cal/se¢steady. Then the rates of the tem-
Np(Eo,Ep.2) is given approximately by perature rise are about 0.55 °C/pulse and 110 °C/sec. How-
= P ever, these samples were cooled by placing them in a
Np(Eo,Bp,2)=noo(Ee)N(Eo, Eg,2)(dBg/dE),  (7) circulating water bath, which was kept at a constant tempera-
Figure 11 shows the energy spectra of primary displacedré: and by contacting with the cooled plate of a sample
atoms at various depths calculated for the Si sample with /0unt in a vacuum. The temperature of sample measured by
surface area of ¥4 cn?, and thicknesses of 0.2 and 2 cm thermocouple dgrmg irradiation were 20_6.0 C in water,
irradiated by 0.75- and 7-MeV electron beams with a diam-2nd 50—150 °C in vacuum. Table Il summarizes the energy
eter of 20um from the electron energy spectra, respectively.Of d}splaced atoms calculated from the electron energy spec-
This figure indicates that average energies of around 18 arf® IN @ sample, and the temperature of a sample and the
108 eV are transferred to the primary displaced atoms neatPParent temperature of displaced atoms during EBD experi-
the surface and at<0.18 cm in Si samples for electron ments. In the EBD process, It is expected that the whole
energies of 0.75 and 7 MeV, respectively. Experimentally, Al,S2MPle was kept at a givénonstant temperature due to the
Zn, and Si atoms were doped into GaAs by EBD method?eam heat transfer from the _sample to the chamber walls or
upon 0.75-MeV electron irradiation. For Ge atoms, the averin€ water, and that only the displaced atoms have an apparent
age energy transfer calculated is about 98 eV at the incide€"Y Nigh temperature, which corresponds to an energy of
surface of the Ge sample upon irradiation of 7-MeV elec-Struck atom. These primary displaced atoms may have
trons. These energies correspond to those of the evaporat8f©Ugh energy to produce subsequent displacements, and
carbon in ion plating on an-type wafer’! It seems that these they may create ones up to less than th_e _threshold energy for
values of the energy transfer are effective for the productior"f‘tomIC displacement, 25 eV after a collision.
of subsequent displacemerfinterstitials and vacancigby
recoil and the enhancement of migration of interstitial atoms . . .
in the impurity sheet, and also for the migration of intersti- D. Electron energy dependence of the impurity concentration
tials (impurity atoms due to the concentration-enhanced dif- The concentrations of displaced atoms are givenly
fusion into the substrates across the interface. on the basis of classical Coulomb scattering, wheiie the
The beam heat of the EBD sample is estimated as followsproduction rate of displaced atoms adcelectron fluencen
An electron-beam irradiation was carried out with a peakis given by Cahf? as follows:
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TABLE Il. EBD with a fluence of~10'® ecm™2 at 7 MeV. E,: incident electron energy,: electron
energy in sampleE, : energy of displaced atomz. depth from the surface.

Theory (energy Experiment(temperaturg
(electron energy specira beam heat of samplg9 Wicnt)
displaced atom energy +
cooling
collision with atom displaced atom bulk
(~10® ecm™3) (5% 10?2 atoms cm ™ 9)
(n(Eq,z) Monte Carlo (~100 eV 20°C
simulation corresponds (by cooling
E.=6.5 MeV~0) to very high
N(E,2) Classical temperature
Coulomb scattering l
E,~100 eV~0 migration
n=dN/dx=ngov, (8) systems, Zn and Si concentrations are very high and the dif-

) ] ] fusivities D are relatively smal(see Fig. 7. Since Zn and Si
whereN is the total number of displacements, is the num-  gypstitutional atoms have larger solubility and smallehan

ber of atoms per unit volume, andand v are a scattering zn and Sj interstitial atom& it is expected that most Zn and
cross section and a number of displaced atoms produced f@fj atoms are in the substitutional state there. This may be

each primary displacement, respectivehjis given by interpreted by considering the kick-out mechanism, origi-

E E £ \12 nally proposed for Au in S According to the mechanism,
o= T2l (=M q —B2n=—"+map| 2[| =—| -1 the following reactions occur:
4 Eq4 Eq Eq4
Zn=Zns+Ga, (10
Em
—Ingt ], (©) e
Eq Si=Si;+Ga, (11

where  mb'?/4=2.495< 10" %Z%/(B*y?),y=1(1- "% where subscripts and s represent interstitial and substitu-
andB?=X(X+2)/(X+1)% A displacement energ, of 25 tional states, respectively. We can see from the law of mass
eV (Ref. 29 was used in the calculation. In Fig. 4, a solid action that the concentrations of Zand Sj are not high

line shows the calculated concentration of displaced atoms &fhere a large number of Gaxist. During irradiation, many
the surface as a function of electron energy for a Ge targefrenkel pairs and thus Gaare created, and therefore the
The energy dependences of SIMS intensity ratios are ifgn, and Sj concentrations will not be high in the bulk re-
fairly good agreement with that of the calculated concentragjon. However, the Gaconcentration is reduced near the
tions of displaced atoms for Ge. In Fig. 6, a solid line showssyrface since the surface acts as a sink of interstitials. Hence
the calculated concentration of displaced atoms as a function

of electron energy for the sample of irradiated Zn. The en-

ergy dependence of the experimental results is in rough Ai+ V = Ag
agreement with the calculated curve. These results also sug- e o 0 o o e o o .
gest that the EBD may be due to the displaced atoms pro- (a) e e o o e & O
duced by electron irradiation. e o o o o . o

E. Enhanced diffusion Al == Agel
There are two kinds of interstitial-assisted diffusion pro- .
cesses. They are the Frank-Turnbull mechanism
(Aj+V=A,) and the kick-out mechanismA(=Ag+1), as (b) | ®
shown in Fig. 12. In the unirradiated region, there is no va- hd
cancy, and a number of Ge interstitials exist. Such a condi-
tion is favorable for the kick-out mechanism. There may be
diffusion enhancement under irradiation, which is a mixture
of  concentration-enhanced,  mobility-enhanced, and

correlation-enhanced diffusion. Under irradiation diffusion,
enhancements by a factor of®6r more can be achievéd. [3 ------- 1 j

1. Concentration-enhanced diffusion (kick out)

Concentration-enhanced diffusions may occur due to the FIG. 12. The Frank-Turnbulla) and the kick-out mechanisms
high concentration layers of impurities at or near the surfaceb) of interstitial diffusion.Q: initial interstitial atom;®: original
Near the surface of the substrdtayer 1) in the three-layer atoms sites.
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_ or recombination centers for carriers, and their migration will
167 ' i be strongly activated.
GaAs The substrate dependence of alloying were studied for
(layer 1) GaAs, GaSb, and GaPIn Al/GaSb and Al/GaP systems, we
M confirmed the growth of alloy semiconductors even in the
1013k e two-layer arrays(All). Alloying in the Al/GaAs system,
Gahs however, was rather difficult in the type-All sample. Those
Si Zn results could be explained as follows: Phonons with a non-
radiative recombination of electrons and holes play an im-
portant role in alloying of AlGa, _,P with an indirect-band-
1014} structure. GaSb has a direct-band structure with a low-energy
separation (80 me\) between I' and L valleys, and
AlLGa _,Sb (x>0.2) has an indirect-band structure. Thus
considerable electrons are distributed evenly inlthalley,
e T and the rate of nonradiative recombination is Iarger_ than in
107 10 '1019 ' AlL,Ga, _,As. On the other hand, 46a _,As has a direct-
band structure with a large separation betwEeandL val-
leys; thus the excess carriers produced by electron irradiation
will easily recombine radiatively. The energy escapes out of
FIG. 13. Variation of diffusion coefficients of Zn and Si impu- the Crysta] due to the formation of photons' Therefore, one
rities in GaAs(layer 1) as a function of concentration calculated by -gn expect that alloying in the Al/GaP and Al/GaSb systems

the analysis of the Boltzmann and Matano method from the depthye easier than in the Al/GaAs system, and that the amount of
profiles of Zn and Si impurities measured by SIMS. alloyed Al increases in the order

Diffusivity (cm2s™)

Concentration (cm3)

Zng and Sj concentrations can be high near the surfaces.
Also, fast surface diffusion and the kick-out mechanism will
make theU-shaped diffusion Zn and Si profiles, as discussed

in the previous papér.Figure 13 indicates the Si and Zn increases  in  the following  order:  Al/GaAs

concentrationC dependences of the diffusivitie®(C), 11 .
which were calculated by the analysis of Boltzmann and Ma-AI/GaASl*YPy<AI/GaP' Defect reaction enhanced by non-

tano from the depth profiles of impuritigsee Fig. 7. The radlatlveT _rec_omblnatlons W|II_ become more _frequent as _P

. X L.’ ..o composition in the substrate increases. Thus if the nonradia-
Zn and Si concentratio€ dependences of the diffusivities L ; )

: BRI . tive recombination plays some role in the EB epitdEBE)
D(C) are almost proportional t&6~ <. This can be explained . . .
; . . process, the amount of the incorporated Al will increase with

by taking account of the kick-out mechanism of E{0) P composition
and (11). The following reaction of the kick-out mechanism P '

; ) y s The energy release mechanism has been theoretically dis-
for Gg may be established via an As self-interstiti: cussed by Weeks, Tully, and KimerlifgAccording to their

GaAs<GaSh<GaP.

Also, the amount of Al incorporated into the substrate

Ga=Gat+As (12) model, the jump rate of a defedy, is given by
The As concentration is reduced near the surfaces, since the kO [E*—AE\S ! E* —AE
surfaces may act as Asinks. Ka=Rj— E—*) ex;{ - T) . (13
Thus, in the case of array I[Fig. 8a)], PL signals attrib- -1
uted to Ga antisite defects @awere observed before an- \yhereR is the rate of capturéor recombination E* the
nealing. However, in the case of array [Fig. 8b)], the  migration enthalpy of the defechE the energy transferred
concentration of Gacreated by the reaction of only EALO) {9 the defect on the carrier captuthe number of modes of
is much lower than that produced by both EGK) and(11)  the vibration of the defect, arkl_, the rate of energy trans-
in array Ill. Then, in the two-layer system, a PL signal for fer from the defect to the surrounding lattide. is consid-
Ga,s may disappear. ered to be of the order of a vibration frequer(@p*® sec %).
As can be seen from this equation, the activation energy of
the diffusion is reduced b E owing to the energy release
In semiconductors, if conduction electrons and/or holesnechanismD is calculated fronky by
recombine at, or are trapped by defects via nonradiative tran-
sitions, the defects may be displaced with the aid of the D =kyd?g, (14
energy released in these processes.
We speculate that the strong enhancement of the diffusiowhered is the jump distance anglthe geometrical factor.
will be due to the following energy release mechanism: when Weeks, Tully, and Kimerling estimatekl_; to be 16°
a carrier is nonradiatively captured at a def@tgep level,  sec’, ands to be 8% Ris the product of three terms as is
the phonons emitted help the defect to surmount potentidEd. (15), i.e., the capture cross section of defecthe carrier
barriers along the migration path. In the present experimentsoncentratiom, and the thermal velocity (~10" cm sec*
excess carriers are generated by electron-beam irradiatiof} room temperatuye
and simultaneously defectg.g., vacancies and interstitial
impurities are also created. The defects will operate as traps R=nov. (15

2. Mobility-enhanced diffusion
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The o of traps in electron-beam-irradiated Si is measured asvhere a large number of Gexists. During irradiation, many
1072-10"® cn?, and thus we tentatively assume here thatFrenkel pairs and thus @Gaare created, and therefore the
o=10 ¥ cn?. Zn, concentration will not be high in the bulk region. How-
The electron irradiation also produces high concentrationsver, the Gaconcentration is reduced near the surfaces since
of electron-hole pairdEHP’s). The rate of generatio® of  a surface acts as a sink of interstitials. Hence thg com-
electron-hole pairs per unit time by an incident electron carcentration can be high near the surfaces. This would give rise

be estimated as follow¥: to aU-shaped diffusion profil@.
As shown in Fig. 7, the concentration is very high near
G=(1/e)(dE/dx)(dd/dt), (16)  the surface, while it is relatively low and almost constant in

wheree is the energy for the formation of the EHP-3.88 the bulk region except in the vicinity of the surfaces: i.e., the
eV for Si, and~4.7 eV for GaAs(Ref. 37], dE/dx the profiles areU shaped. The result of a computer calculation

electron energy loss per cm of the path by a fast electrofr the Kick-out mechanism using E(L8) in a set of three
(3.9x10° eV em L e ! for Si, and 7.4%10° eV cm L e partial differential equations was in qualitatively fair agree-

for GaAg, and d®/dt the electron dose raté3.7x10t7 ~ Mentwith experimental diffusion profilés.
e cm ?sec ). Assuming the above values, the irradiation

results inG=3.7x 10” and 5.5¢<10* EHP’s cm 3 sec * for G. Schematic diagram of a mechanism of EBD
Si and GaAs, respectively. In the steady state during the ir- The origin of electron-beam doping may be considered as
radiation,n is given by follows . First, electron irradiation of the impurity sheet on

the substrate creates Frenkel defects and electron-hole pairs
n=Gr, 17) in the impurity sheet. There are a number of unrecombined
where is the carrier lifetime. The value af for the irradi-  interstitials in crystal, which are nearly equal to that of total
ated GaAs wafer was obtained as2.7 ns. Then Observed vacancies. As the migration energy of interstitials is
n~=1.35x 1015 cm 3 for GaAs, andR becomes 1bsec’. AE  small(less than 0.22 eV for §f* the interstitials migrate as
would be about half of the band gap, i.e., 0.7 eV for GaAs.an “atomic beam” owing to the energy transferred by recoil
The migration enthalpies of the defects in GaAs has beeMith electrons and displaced atoms, and they may sink at or
obtained to be about 0.88 é¥If E* — AE (activation en- near the surface. As a sticking probability of impurities at a
ergy) is in the range of 0.1-0.2 eV, which agree with thewafer surface may be expected to be rather large from the
experimental results, the value &f calculated from Egs. €xperimental results of Fig.(§), the concentration of inter-
(13) and(14) becomes 10%-10 ® cn? sec’?, i.e., compa- Stitials, reached at the surface, may increase under irradia-
rable to the experimentally determined valuesDnf Thus  tion. The concentration of migrating interstitials becomes on

both the vacancy and interstitial states are considered to co#e order of the matrix atoms. Surface diffusivities of impu-
tribute to the observed enhanced diffusion. rities were on the order of 1#Btimes as large as the volume

diffusivities 1 Supersaturations of atoms at the surface may
be built up, and some islands with impurities were
introduced™® A small fraction of the monolayer of impurity
U-shaped diffusion profiles of the impurities in the sub- atoms at or near the surface of the substrate may possibly be
strate were obtained experimentally by using secondary-ionformed during irradiation. Thereby concentration-enhanced
mass spectrometr§SIMS), as shown in Fig. 7. The results diffusions may be effected due to the high concentration of
can be explained well by considering both the kick-outimpurities at or near the surface. Furthermore, mobility-
mechanism and surface diffusion procéss. enhanced diffusion by recombination of electron-hole pairs
~ So far the following outstanding feature of diffusion of Zn with high concentrations produced by electron irradiations
in GaAs have been eStabllSh%;dl—he diffusion of Si in GaAs may also occur. Subsequenﬂy, the |nterst|t|@|[Bpur|ty at-
is similar to one of Zn in GaAs. The Zn atom may occupy omg diffuse into the substrate from the impurity sheet by the
both substitutiona{Zny) and interstitial(Zn;) sites. The solu- gphove enhanced diffusions.
bility of Zng is larger than that of Znbecause the substitu-
tional state is energetically favorable, whereas the diffusivity
of Zn; is much higher than that of Zby several orders of
magnitude. Thus the effective diffusivity of Zn atoms is not The mechanism of electron-beam doping was studied ex-
very large. The kick-out mechanism which was originally perimentally and theoretically. The main results were ob-
proposed for Au in S{Ref. 40 is characterized by the gen- tained for the surface diffusion of foreign atoms, for the elec-
eration of a Ga self-interstitidlGg) tron energy dependences of the doped-atom concentration,
and for three-layer systems of Si/Zn/GaAs. The energy spec-

F. U-shaped diffusion profile

V. SUMMARY

kq . . .
Zn=2zn+Ga, (18) tra of primary displaced atoms were calculated from_ the e_IeC
K tron energy spectra computed by a Monte Carlo simulation.

From the experiments, the surface diffusion of free-atom-like
wherek, andk, are reaction constants, and subscripggd  impurities was established, and its surface diffusivity was on
s mean interstitial and substitutional states, respectively. Bethe order of 18 times as large as volume diffusivities. The
cause of the high mobility of Zn after a short time Zrhas  electron energy dependences of the concentration for the
practically reached its solubility limit Zf in the whole doped atoms are in agreement with those calculated for the
specimen. Considering the law of mass action of the kick-outlisplaced atoms. These results suggest that the displaced at-
reaction, we can see that the concentration qfiZmot high  oms contribute to EBD. Subsequently, the mechanism of
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