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Amechanism of electron-beam doping~EBD! 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 1025 cm2 sec21 and also had a volume diffusivity of the order of 10215 cm2 sec21. 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 following:~i! there was room-temperature diffusion,~ii !
surface diffusion played an important role, and~iii ! enhanced diffusions, due to the kick-out mechanism and
recombination, occurred.

I. INTRODUCTION

Electron-beam irradiation has mainly been used in order
to study damage defects.1 The threshold for displacement of
the sulfur atom from a lattice point in CdS has been mea-
sured to be 8.7 eV.2 In these experiments the crystal was half
coated with vacuum-evaporated sulfur 6.8mg/cm2 thick. The
crystal was bombarded with 100-keV electrons at2100 °C
for about 2.3mA h/cm2. After irradiation the crystal fluo-
resced bright green at 77 K under UV stimulation. Myer
reported on an electron-beam plasma-doping process in
1971.3 In the case of these experiments,n-type silicon was
loosely covered with soft aluminum foil,;18mm thick. Us-
ing an electron-beam welder, a 10-msec pulse of 100 keV,
0.5 mA and 0.4-mm diameter was aimed at this foil, perfo-
rating and volatilizing the foil and forming a miniature
plasma at the point of impact. The plasma, in turn, locally
melts the underlying semiconductor crystal and injects dop-
ant into the micropuddle thus formed.3

In 1980, an electron-beam doping~EBD! method at room
temperature was proposed by one of the authors~Wada!.4–11

This study was also concerned with general problems of
semiconductor physics. In this method the surface of semi-
conductor substrates is covered with an overlayer of impurity
sheets, which were separated. The surface of the impurity
sheet on the substrate is bombarded with high-energy elec-
trons. The electron energy is 750 keV and 3–9 MeV, and the
electron fluence is~1–10!31017 ecm22. More effective EBD
is obtained in another case of a two-layer system in which
the impurity layers were deposited on the substrate. Alloying
layers are also formed at the interface of such samples.12 If
water is used instead of an impurity sheet, EB oxide layers
are grown on the substrate.13 The mechanism of EBD, how-
ever, has not been clear. Surface diffusion of impurity atoms
is an interesting process, but there has been little study of it.

In the present paper, we carried out experiments on the
surface diffusion of impurities, and on the electron energy
dependences of the impurity concentrations for samples of a

two-layer structure such as Ge/Si~the Ge wafer is placed on
top of Si crystals! and Zn/GaAs by electron-beam doping.
The latter is compared with calculations of the concentration
for the displaced atoms done on the basis of classical Cou-
lomb scattering. The energy spectra of primary displaced at-
oms were calculated from the electron energy spectra esti-
mated by means of a Monte Carlo simulation. The
mechanism of EBD was experimentally and theoretically in-
vestigated, taking account of migrations of interstitial atoms,
surface diffusion, the surface layer of high concentration im-
purities, and the concentration- and recombination-enhanced
diffusions.

EBD processes would be useful with advantages over al-
ternative doping techniques, because even in the damageless
region and at room temperature doping processes may be
possible.

II. EXPERIMENTAL PROCEDURES

The wafers used in the experiments for temperature de-
pendences of EBD werep-Si @B-doped~111!, 25–50V cm,
53530.35 mm3# andn-Ge@Sb-doped~111!, 53530.5 mm3#
@Fig. 1~a! ~i!#.

For the experiment of surface diffusion using the sample
of Ge/Si, a surface of Si substrate@n-type, N-doped~111!,
r520–45 V cm, 1733030.25 mm3# after RCA cleaning
was covered partially with a Ge wafer@n-type, Sb-doped
~111!, r50.01 V cm, 1031030.5 mm3#, as shown in Fig.
1~a! ~ii !. The overlain sheets are in physical contact with the
substrate, whose surface has a surface microroughness within
about 10 Å. Only the surface of the Ge wafer was irradiated
locally through an aperture of thick Al plate over the sample
in a vacuum~1025 Torr!, and with a total fluence of 131018

e cm 22 at 7 MeV from an electron linear accelerator as
shown in Figs. 1~a! ~iii ! and 1~b!. The thickness of 40–50
mm for the Al plate is much larger than the range~;15 mm!
of electrons. The edge of the aperture of the Al plate was
aligned with the edge of the Ge wafer on the Si substrate,
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such that only the overlayers were irradiated. The accelerator
operated with a pulse width of;3.5 ms, a 200-Hz duty
cycle, and an average electron-beam current of 40mA cm22

~a peak current density of 60 mA cm22!. 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 mm! with an ion energy of 8 keV was
used in a 531029-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 overlayer@Sb-
doped ~111!, 53530.5 mm3# and a Si substrate@B-doped
~111!, 25–50V cm, 53530.35 mm3#, were irradiated with a
total fluence of;531017 e cm22 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. 1~c!. The beam heat transfer was done from
the samples to the chamber walls of copper~or stainless
steel!, or the water and then onto the substrate. Distributions
of Ge impurity atoms in Si were measured by SIMS and a
Rutherford backscattering spectrometer~RBS!. 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 GaAs~t50.5 mm!, and the Zn
materials were 99.99% pure sheet with dimensions of 636
30.2 mm3. t represents the thickness of the wafers. The sur-
face of the overlayers was irradiated with a total fluence of
131017 ecm22 at 7 MeV and at 50 °C in water from the
electron linear accelerator, and 231017 e cm 22 at 750 keV
and at 100 °C in air, with a mean current density of 8.1
mA cm22 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 1@Fig. 1~a! ~iv!#, and was placed
with separations of 1 mm between Si wafers in an array 2 in
which quartz pieces@1~t!3232 mm3# 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, Si~layer 3!/Zn ~layer 2!/GaAs ~layer 1!.
Their samples were~100!-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 mm!. The surface of layer 3 was irradiated
with a fluence of;531017 ecm22 at 7 MeV and 50 °C.
Photoluminescence~PL! measurements were also performed
at 77 K. The samples were immersed in liquid nitrogen, and
a focused argon laser beam~80 mW, 5145 Å! was used as the
excitation source.

III. 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 sheet~t;0.5 mm! and

FIG. 1. ~a! Schematic diagram of EBD experiments for the tem-
perature dependences~i!. For the surface diffusion in vacuum for
the sample dimension~ii !, 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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Si substrate, the backscattering spectra in random conditions
by 1.4-MeV He1 ions are shown in Fig. 2~a! for the speci-
mens irradiated at 20, 40, and 60 °C in water with a total
fluence of;5.131017 ecm22 at 7 MeV. The number of Ge
peaks in Si increases with increasing irradiation temperature.
From a curve of the maximum Ge concentrationsCGe esti-
mated from the backscattering spectra versus reciprocal irra-
diation temperature, an activation energy of the sputtering
yield for Ge atoms into Si is estimated to be about 0.3 eV.
The intensity ratios of74Ge1 ions to23Si1 ions in the case of
Ge ~t;0.5 mm!/Si irradiated by the same conditions as de-
scribed above are shown in Fig. 2~b! as a function of depth
measured from the Si front surface, which is in contact with
the overlayer. SIMS measurements were performed by using
the primary ion~O2

1! beam with an ion energy of 7 keV. For
Si wafers irradiated without impurity sheets, the Ge1 peak
disappeared.

The diffusion profile is not a complementary error func-
tion. This suggests that the diffusivity is concentration de-
pendent. The analyses of Boltzmann14 and Matano15 are used
to obtain the concentrationC dependence of the diffusivity
D(C). The values ofD(C) at x,0.01mm andx.0.01mm
for Ge are observed to be 10218–10216 and;10216–10214

cm2 sec21, respectively. These estimated values of diffusivity
are much larger than what would usually be expected at
50 °C in a case of a mainly thermal process. The value ofCo
is estimated to be;1.431020 cm23. The resultant plot is
mainly composed of three curves. It is suggested that three
kinds of species diffuse into the substrate. The diffusivities
of D(C) atC5131020 cm23 for 20, 40, and 60 °C which are
estimated by the analysis of Boltzmann and Matano from the
curves, are indicated as a function of reciprocal irradiation
temperature. From this curve, an activation energy for the
diffusivity in Si is obtained to be about 0.2 eV. Also, the
intensity ratio of74Ge1 ions to 28Si1 ions in the case of the
irradiation in a vacuum for Ge~t;0.5 mm!/Si was measured.
The sample was irradiated with a fluence of;4.731017 e
cm22 at ;250 °C. The values ofD(C) range from 10218 to
4310215 cm2 sec21. The value ofCo is estimated to be
;531020 cm23. 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.

B. Surface diffusion

Figure 3~a! shows the concentration profiles of Ge atoms
as a function of lateral positionx in the unirrradiated regions
of the Si substrate surface. It is shown that Ge atoms were
detected even at a distance of 10 mm from the edge of the
overlayer. It is found that Ge impurities diffused into the
unirradiated regions, i.e., that surface diffusion occurs. The
parameters are the different depths of 50, 100, and 200 Å
from the Si surface. The resultant plot is mainly composed of
two curves. This suggests that two kinds of species diffuse at
the surface. The diffusivitiesDs for the surface diffusion are
estimated as~1.7–2.9!31025 cm2 sec21 from these profiles
by using the analysis of Boltzmann and Matano,16 and they
are on the order of 1010 times larger than volume diffusivi-
ties.

In the similar case of GaSb~n-type, 535 mm2!/Zn/GaSb
~n-type, 531017 Te cm23, 5315 mm2, t;400mm! irradiated
locally by electron beam as shown in Fig. 3~b!, the resistiv-
ities of the GaSb substrate were measured by the four-point
probe method. These results show that only the irradiated
region became a high resistivity layer, and that the unirradi-
ated region~x.6 mm! did not change from the original re-
sistivity. This suggests that the region of substrates which is
not covered by the overlayer, as shown in Fig. 1~a! ~ii !, is not
irradiated. The electron beam may have scattered sideways
within several tensmm out of the edges of the Ge sheet to
produce the observed doping, as mentioned in a previous
paper.17

FIG. 2. ~a! Backscattering spectra for the irradiated Si at random
conditions at different irradiation temperatures.~b! Intensity ratios
of 74Ge1 to 28Si1 in the Si substrate as a function of depth from the
front surface of Si.
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C. Electron energy dependence of impurity concentrations

1. 3-, 5-, and 7-MeV electron irradiations of Ge/Si

The relative signal intensity ratiosI~74Ge!/I~28Si! 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-
and 7-MeV electrons as a function of depth from the surface
of GaAs. The impurity concentration doped by 7-MeV elec-

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 10217 and 10215 cm2 sec21 at 0.75
MeV, and about 10216 and 10214 cm2 sec21 at 7 MeV, re-
spectively. The ratiosI~64Zn!/I~69Ga! at the surface of the
GaAs substrate are shown by a marks in 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

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 depths.~b! Resistivity
profiles of GaSb substrates~5315 mm2! irradiated locally and cov-
ered partially by the overlayers of GaSb/Zn~535 mm2! as a func-
tion of lateral position in the substrate.

FIG. 4. Electron energy dependences of SIMS intensity ratio
I~74Ge!/I~28Si!, and theoretical concentration of displaced Ge atoms
in a Ge wafer.

FIG. 5. SIMS intensity ratios ofI~64Zn!/I~69Ga! as a function of
depth in the GaAs substrate for the samples of Zn/GaAs irradiated
with 131017 e/cm2 at 7 MeV and 231017 e/cm2 at 0.75 MeV.

53 4773MECHANISM OF ELECTRON-BEAM DOPING IN SEMICONDUCTORS



surfaces. The concentration profiles of Zn and Si atoms in a
GaAs wafer are shown in Fig. 7. Surprisingly, the results
indicate that the irradiation caused not only the indiffusion of
Zn atoms from layer 2~Zn!, 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
the surface, while they seem relatively low and almost con-
stant except in the vicinity of the surface; i.e., the profiles are
U shaped. The diffusivitiesD estimated from the SIMS pro-
files using the analysis of Boltzmann and Matano are also
indicated in the figure for both Zn and Si atoms.

Figure 8 shows a typical result of the PL measurement.
The PL spectrum at 77 K from the front surface of GaAs

~layer 1! consists of a single peak even before annealing, as
shown in Fig. 8~a!. The peak at 1.44 eV with a full width at
half maximum~FWHM! of 0.035 eV is attributed to the Ga
antisite defect, GaAs .

18–20 The result of PL measurement
from the back surface of layer 1 is similar to that shown in
Fig. 8~a!. However, although the GaAs wafer before irradia-
tion initially shows strong band-edge emission@see Fig.
8~d!#, no PL observed from the GaAs substrate before an-
nealing when the GaAs wafer was irradiated~E57 MeV, and
F5531017 ecm 22! without a Zn sheet21 @see Fig. 8~c!#, or
when it was irradiated in a two-layer array of Zn/GaAs@see
Fig. 8~b!#.

E. Effect of interface between substrates and overlain sheet

Three-layer structures~arrays 1 and 2! are illustrated
schematically in the insets of Figs. 9~a! and 9~b!. Surfaces of
overlayers~Si of layer 3 in the respective array! were irradi-
ated with a total fluence of 731018 ecm22 at 7 MeV from an
electron linear accelerator. During irradiation, samples were
kept in a vacuum of 1025 Pa and at about 50 °C.

Figure 9~a! shows the Auger electron spectroscopy~AES!
energy spectra obtained from a front surface of Si~layer 1!,
whose direction is indicated by an arrow in the inset of the
figure. The signal intensity of GeLMM is nearly equal to that
of Si KLL. This means that a number of Ge atoms are ad-

FIG. 6. Electron energy dependences of SIMS intensity ratios
I~64Zn!/I~69Ga! and theoretical concentration of displaced Zn atoms
in a Zn sheet.

FIG. 7. Concentration profiles of Zn and Si atoms in GaAs
~layer 1! measured by SIMS as functions of depth from both the
front and back surfaces. Values of the diffusivityD are also indi-
cated in cm2 s21.

FIG. 8. 77K-PL spectrum for a GaAs wafer of the sandwiched
array of Si/Zn/GaAs~array III! ~a!, array of overlayer Zn/substrate
GaAs ~array II! ~b!, and without a Zn sheet~c!. 77K-PL spectrum
for a typical virgin GaAs specimen before irradiation~d!. The mea-
surements were all done before thermal treatment.
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sorbed at the Si surface. The AES signal of Ge was also
observed from the Si surface of layer 3. Si atoms were also
detected from the both surfaces of the Ge sheet by AES.
Figure 9~b! shows the AES spectra obtained from the Si
surface, whose direction is indicated by an arrow in an array
2 in the inset of the figure. No Ge signal can be observed. On
the surface of the other Si wafer~layer 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 diffuse
through a surface of insulating quartz spacers,22 Ge atoms of
layer 2 could not arrive the surface of the Si wafer~layer 1!.

The latter results suggest that the displaced atoms in the
overlayer can scarcely be emitted into the vacuum, and
hardly be adsorbed on the substrate wafers. Therefore EBD
can be performed only when the overlayer is in contact with
the surface of the substrate, because of the occurrence of
surface diffusion of atoms at the interface of contacted wa-
fers.

IV. DISCUSSION

A. Factors „Ds ,Xs ,t, Ea, and Esd… in surface diffusion

Surface diffusion of impurity atoms is the most interesting
point. Figures 10~a! and 10~b! show schematic views of the
potential-energy distribution at or near the surface. The dif-
fusion length of surface diffusionXx is given by

Xs
25Dsta , ~1!

whereDs is the diffusivity of the surface diffusion, andta
represents stay times for the adsorption, which are written
by23

ta5exp~Ea /kT!/n5t0exp~Ea /kT!, ~2!

wheret0 is considered to be the inverse of the adatom vi-
brational frequency normal to the surface,Ea is an adsorp-
tion energy which depends on the degree of surface cover-
age, andDs is given by

Ds5a2n0exp~2Esd /kT!, ~3!

wherea is lattice constant, andEsd the activation energy of
migration of an adsorbed atom. The diffusivitiesDs are esti-
mated as 2.331025 cm2 sec21 from the profiles by using the
analysis of Boltzmann and Matano16 in the experiment with
Ge/Si. By using the experimental values ofDs andXs, and
assumingn051013 sec21, ta andEa are roughly estimated as
104 sec and 1.4 eV, respectively. These values ofta andEa
for the adsorbed atom correspond to those in a loosely bound
phase, which have been reported for the adsorption of cad-
mium on tungsten.23 For a2.10215 cm2, Esd.0.3 eV at

FIG. 9. AES spectra obtained from the surface of Si~layer 1! in
array 1~a! and array 2~b!, which are indicated by an arrow, respec-
tively.

FIG. 10. ~a! Potential energy of adsorbed atoms as a function of
distance normal to surface and migration into the substrate~upper!,
and~b! the surface diffusion parallel to the surface of the substrate
~lower!.
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150 °C in vacuum for Ge/Si, while for Zn/GaAsDs51024

cm2 sec21, t513103 sec,Ea51.0 eV, andEsd50.1 eV at
50 °C in water. These mean that an adsorbed atom migrates
as a free atom at the surface, because of the very large value
of Ds .

Using Pauling’s formula24 for the calculation ofEa based
on a covalent bonding model,Ea is given by

Ea5
1
2~DAA1DBB!123.06~xA2xB!2, ~4!

whereDAA and DBB are the bond energies for like mol-
ecules, andxA andxB are the corresponding electronegativ-
ity coefficients. One calculates the case for germanium on
silicon asEa51.73 eV, as opposed to the observed value of
Ea51.4 eV. This may depend on the degree of surface cov-
erage.

B. Surface layer of high concentration impurities

A number of vacancy and interstitial pairs as Frenkel de-
fects are produced in a crystal such as Si by irradiation of
high-energy electrons. A large fraction of vacancies may re-
combine with the interstitials. While some part of the vacan-
cies form complex defects such as oxygen-vacancy pairs and
impurity atom-vacancy pairs, which result in stable defects,
generally surface region is considered as a sink for defects,
involving displaced atoms such as interstitials. Unrecom-
bined interstitials migrate and sink at or near the surface.

For simplicity, the production rateh of Frenkel defects in
Si for a 7-MeV electron is assumed to be about 8 cm21.25

The concentration of Frenkel defects introduced with
F5431018 e cm 22 asNF53.231019 cm23, as indicated in
Table I. Experimentally the respective values ofh for
V2 ,V21O, and V1O complex defects were obtained as
0.8%, 1.5%, and 5%, respectively, as tabulated in Table I.
They were measured by electron paramagnetic resonance
~EPR! for V2 andV21O, and deep-level transient spectros-

copy ~DLTS! for V1O. From these results, the total concen-
tration of the vacancies, being stable due to the complex
defects as above, is about 10% Frenkel defects~;3.231018

cm23! ~Table I!. A remainder concentration~90%! of vacan-
cies may mainly recombine with the interstitials of Frenkel
defects in the bulk of the wafer~Table I!. Therefore there are
unrecombined interstitial concentrations in crystal, nearly
equal to that of the total observed vacancies~10%! ~Table I!.
They may sink at or near the surface. If 10% of the unre-
combined interstitials, produced in the overlain wafer with a
thickness of 0.03 cm, migrate and sink into the surface layer
of 100 Å, the concentration of migrating interstitials be-
comes on the order of the matrix atoms~Table I!. The surface
diffusivities of impurities were on the order of 1010 times as
large as the volume diffusivities.16 The supersaturation of the
introduced interstitial may be built up near the wafer surface,
depending on whether the kick-out mechanism dominates.26

Amonolayer or so of impurity atoms at or near the surface of
the substrate may possibly be formed during irradiation. An
origin of the enhanced diffusion of the impurity into the sub-
strate may be the surface high concentration layer. The ex-
perimental results suggested that roughly about 0.1–1% of
the total displaced atoms~Frenkel defects! produced in the
overlayer by electron irradiation were doped into the sub-
strate.

C. Energy spectra of primary displaced atom

During irradiation, the incident electrons collide with tar-
get atoms, transfer part of their energy, and produce primary
displaced atoms. The displaced atoms in turn collide with
other atoms in the lattice, thereby producing additional dis-
placed atoms~interstitials! and vacancies, i.e., the Frenkel
defect. It seems that the energies transferred to the displaced
atoms are significant for EBD.

TABLE I. Estimated concentrations of Frenkel defects, observed complex defects, measured total vacancy defects, recombination defects
and interstitial sinks near the surface. Example of electron irradiation. 0.3 mm~t!31018 cm23.100 Å~t!31022 cm23.

Number

Total fluence of
7 meV electrons

f5431018 ecm22

No. of Frenkel defects NF5~production rate in Si3 fluence!
58343101853.231019 cm 23

~100%!

Measurement of defect
density
~1! V ~vacancy!1O ~Oxygen!
@A center# 5% ~DLTS!

~2! V21O 1.5%~EPR!

~3! V 2
2 ~divacancy! 0.8% ~EPR!

~4! I 2
1 ~di-interstitial! 0.08%~EPR!

Total observed vacancy
defects

NSV5NV1O1NV21Nv21O

.10%(3.231018 cm23

Recombination rate of self-
interstitials and vacancies
~I1V→annihilation!

NF2NSV.90% NF

Total interstitial density
~.total vacancy density!

Ni1Ni25NSV.10%
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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-
culated. The results were obtained by using Sugiyama’s
program27 for a Monte Carlo simulation for the theory of fast
electron penetration in matter.17 The program took account of
multiple scattering of electrons, straggling of electron energy
losses by ionization and excitation of atoms, production of
knock-on electrons, and bremsstrahlung photons. For photon
penetration, the photoelectric effect, Compton effect, pair
production, and annihilation radiation from positrons at rest
or in flight were also taken into consideration. Lattice vibra-
tion due to electron irradiation and electron channeling is not
considered in the calculation. Although electrons transmitted
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 mm.28 The electron energy spectran(E0 ,EB ,z! calcu-
lated with this program were in agreement with the experi-
mental results for 400-keV electrons.17 The energy spectra of
primary displaced atoms were calculated from the electron
energy spectra as a function of average energy transfer
Ep

29,30

Ep5Ed~ lnEm /Ed211pa!, ~5!

wherea5Z/137, andZ is the atomic number of the struck
atoms,Ed a characteristic displacement energy, andEm the
maximum energy transfer.Em is given by

Em~eV!5560.8X~X12!/A, ~6!

whereA is the atomic mass of the stuck atom.X5EB/mc2,
andmc250.511 MeV. The number of primary displaced at-
oms as a function of average energy transfer and depth
Np(E0 ,Ep,z) is given approximately by

Np~E0 ,Ep,z!5n0s~EB!n~E0 ,EB ,z!~dEB /dEp!, ~7!

Figure 11 shows the energy spectra of primary displaced
atoms at various depths calculated for the Si sample with a
surface area of 434 cm2, and thicknesses of 0.2 and 2 cm
irradiated by 0.75- and 7-MeV electron beams with a diam-
eter of 20mm from the electron energy spectra, respectively.
This figure indicates that average energies of around 18 and
108 eV are transferred to the primary displaced atoms near
the surface and atz,0.18 cm in Si samples for electron
energies of 0.75 and 7 MeV, respectively. Experimentally, Al,
Zn, and Si atoms were doped into GaAs by EBD methods
upon 0.75-MeV electron irradiation. For Ge atoms, the aver-
age energy transfer calculated is about 98 eV at the incident
surface of the Ge sample upon irradiation of 7-MeV elec-
trons. These energies correspond to those of the evaporated
carbon in ion plating on ann-type wafer.31 It seems that these
values of the energy transfer are effective for the production
of subsequent displacements~interstitials and vacancies! by
recoil and the enhancement of migration of interstitial atoms
in the impurity sheet, and also for the migration of intersti-
tials ~impurity atoms! due to the concentration-enhanced dif-
fusion into the substrates across the interface.

The beam heat of the EBD sample is estimated as follows.
An electron-beam irradiation was carried out with a peak

current density of 60 mA/cm2 ~an average current density of
40 mA/cm2!, a pulse width of;3.5 msec, a 200-Hz duty
cycle, on an electron energy of 7 MeV. The samples~two- or
three-layer structures! have a dimension of 0.530.53~0.06–
0.1! cm3. For the above conditions, the absorbed electrical
energies in the sample are about 5.431023 Cal/pulse~tran-
siently! and 1.1 Cal/sec~steady!. Then the rates of the tem-
perature rise are about 0.55 °C/pulse and 110 °C/sec. How-
ever, these samples were cooled by placing them in a
circulating water bath, which was kept at a constant tempera-
ture, and by contacting with the cooled plate of a sample
mount in a vacuum. The temperature of sample measured by
thermocouple during irradiation were 20–60 °C in water,
and 50–150 °C in vacuum. Table II summarizes the energy
of displaced atoms calculated from the electron energy spec-
tra in a sample, and the temperature of a sample and the
apparent temperature of displaced atoms during EBD experi-
ments. In the EBD process, it is expected that the whole
sample was kept at a given~constant! temperature due to the
beam heat transfer from the sample to the chamber walls or
the water, and that only the displaced atoms have an apparent
very high temperature, which corresponds to an energy of
struck atom. These primary displaced atoms may have
enough energy to produce subsequent displacements, and
they may create ones up to less than the threshold energy for
atomic displacement, 25 eV after a collision.

D. Electron energy dependence of the impurity concentration

The concentrations of displaced atoms are given byhF
on the basis of classical Coulomb scattering, whereh is the
production rate of displaced atoms andF electron fluence.h
is given by Cahn25 as follows:

FIG. 11. Theoretical energy spectra of primary displaced atoms
as a function of average energy transfer for Si samples irradiated
with 0.75- ~a! and 7-MeV electrons~b!.
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h5dN/dx5n0sn, ~8!

whereN is the total number of displacements,n0 is the num-
ber of atoms per unit volume, ands andn are a scattering
cross section and a number of displaced atoms produced for
each primary displacement, respectively.s is given by

s5
p

4
b82S SEm

Ed
21D2b2ln

Em

Ed
1pabH 2F SEm

Ed
D 1/221G

2 ln
Em

Ed
J D , ~9!

where pb82/452.495310225Z2/(b4g2),g51/(12b2)1/2,
andb25X(X12)/(X11)2. A displacement energyEd of 25
eV ~Ref. 29! was used in the calculation. In Fig. 4, a solid
line shows the calculated concentration of displaced atoms at
the surface as a function of electron energy for a Ge target.
The energy dependences of SIMS intensity ratios are in
fairly good agreement with that of the calculated concentra-
tions of displaced atoms for Ge. In Fig. 6, a solid line shows
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
agreement with the calculated curve. These results also sug-
gest that the EBD may be due to the displaced atoms pro-
duced by electron irradiation.

E. Enhanced diffusion

There are two kinds of interstitial-assisted diffusion pro-
cesses. They are the Frank-Turnbull mechanism
~Ai1V�As) and the kick-out mechanism (Ai�As1I ), as
shown in Fig. 12. In the unirradiated region, there is no va-
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 106 or more can be achieved.32

1. Concentration-enhanced diffusion (kick out)

Concentration-enhanced diffusions may occur due to the
high concentration layers of impurities at or near the surface.
Near the surface of the substrate~layer 1! in the three-layer

systems, Zn and Si concentrations are very high and the dif-
fusivitiesD are relatively small~see Fig. 7!. Since Zn and Si
substitutional atoms have larger solubility and smallerD than
Zn and Si interstitial atoms,33 it is expected that most Zn and
Si atoms are in the substitutional state there. This may be
interpreted by considering the kick-out mechanism, origi-
nally proposed for Au in Si.26 According to the mechanism,
the following reactions occur:

Zni�Zns1Gai , ~10!

Sii�Sis1Gai , ~11!

where subscriptsi and s represent interstitial and substitu-
tional states, respectively. We can see from the law of mass
action that the concentrations of Zns and Sis are not high
where a large number of Gai exist. During irradiation, many
Frenkel pairs and thus Gai’s are created, and therefore the
Zns and Sis concentrations will not be high in the bulk re-
gion. However, the Gai concentration is reduced near the
surface since the surface acts as a sink of interstitials. Hence

TABLE II. EBD with a fluence of;1018 ecm22 at 7 MeV.E0 : incident electron energy.Ee : electron
energy in sample.Ep : energy of displaced atoms.z: depth from the surface.

Theory ~energy! Experiment~temperature!

~electron energy spectra!
displaced atom energy

beam heat of sample~19 W/cm2!
1

cooling
collision with atom displaced atom

~;1018 cm23!
bulk

~531022 atoms cm23!

^n(E0 ,z) Monte Carlo
simulation
Ee56.5 MeV;0&
N(Ep ,z) Classical
Coulomb scattering
Ep'100 eV;0

~;100 eV!
corresponds
to very high
temperature

↓
migration

20 °C
~by cooling!

FIG. 12. The Frank-Turnbull~a! and the kick-out mechanisms
~b! of interstitial diffusion.s: initial interstitial atom;d: original
atoms sites.
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Zns and Sis 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 paper.6 Figure 13 indicates the Si and Zn
concentrationC dependences of the diffusivitiesD(C),
which were calculated by the analysis of Boltzmann and Ma-
tano from the depth profiles of impurities~see Fig. 7!. The
Zn and Si concentrationC dependences of the diffusivities
D(C) are almost proportional toC22. This can be explained
by taking account of the kick-out mechanism of Eqs.~10!
and ~11!. The following reaction of the kick-out mechanism
for Gai may be established via an As self-interstitial:34

Gai�GaAs1Asi , ~12!

The Asi concentration is reduced near the surfaces, since the
surfaces may act as Asi sinks.

Thus, in the case of array III@Fig. 8~a!#, PL signals attrib-
uted to Ga antisite defects GaAs were observed before an-
nealing. However, in the case of array II@Fig. 8~b!#, the
concentration of Gai created by the reaction of only Eq.~10!
is much lower than that produced by both Eqs.~10! and~11!
in array III. Then, in the two-layer system, a PL signal for
GaAs may disappear.

2. Mobility-enhanced diffusion

In semiconductors, if conduction electrons and/or holes
recombine at, or are trapped by defects via nonradiative tran-
sitions, the defects may be displaced with the aid of the
energy released in these processes.

We speculate that the strong enhancement of the diffusion
will be due to the following energy release mechanism: when
a carrier is nonradiatively captured at a defect~deep level!,
the phonons emitted help the defect to surmount potential
barriers along the migration path. In the present experiments,
excess carriers are generated by electron-beam irradiation,
and simultaneously defects~e.g., vacancies and interstitial
impurities! are also created. The defects will operate as traps

or recombination centers for carriers, and their migration will
be strongly activated.

The substrate dependence of alloying were studied for
GaAs, GaSb, and GaP.11 In Al/GaSb and Al/GaP systems, we
confirmed the growth of alloy semiconductors even in the
two-layer arrays~AII !. Alloying in the Al/GaAs system,
however, was rather difficult in the type-AII sample. Those
results could be explained as follows: Phonons with a non-
radiative recombination of electrons and holes play an im-
portant role in alloying of AlxGa12xP with an indirect-band-
structure. GaSb has a direct-band structure with a low-energy
separation ~80 meV! between G and L valleys, and
Al xGa12xSb ~x.0.2! has an indirect-band structure. Thus
considerable electrons are distributed evenly in theL valley,
and the rate of nonradiative recombination is larger than in
Al xGa12xAs. On the other hand, AlxGa12xAs has a direct-
band structure with a large separation betweenG andL val-
leys; thus the excess carriers produced by electron irradiation
will easily recombine radiatively. The energy escapes out of
the crystal due to the formation of photons. Therefore, one
can expect that alloying in the Al/GaP and Al/GaSb systems
are easier than in the Al/GaAs system, and that the amount of
alloyed Al increases in the order

GaAs,GaSb,GaP.

Also, the amount of Al incorporated into the substrate
increases in the following order: Al/GaAs,
Al/GaAs12yPy,Al/GaP.11 Defect reaction enhanced by non-
radiative recombinations will become more frequent as P
composition in the substrate increases. Thus if the nonradia-
tive recombination plays some role in the EB epitaxy~EBE!
process, the amount of the incorporated Al will increase with
P composition.

The energy release mechanism has been theoretically dis-
cussed by Weeks, Tully, and Kimerling.35 According to their
model, the jump rate of a defect,kd , is given by

Kd5R
k0

k21
SE*2DE

E* D s21

expS 2
E*2DE

kT D , ~13!

whereR is the rate of capture~or recombination!, E* the
migration enthalpy of the defect,DE the energy transferred
to the defect on the carrier capture,S the number of modes of
the vibration of the defect, andk21 the rate of energy trans-
fer from the defect to the surrounding lattice.k0 is consid-
ered to be of the order of a vibration frequency~1013 sec21!.
As can be seen from this equation, the activation energy of
the diffusion is reduced byDE owing to the energy release
mechanism.D is calculated fromkd by

D5kdd
2g, ~14!

whered is the jump distance andg the geometrical factor.
Weeks, Tully, and Kimerling estimatedk21 to be 1013

sec21, ands to be 8.35 R is the product of three terms as is
Eq. ~15!, i.e., the capture cross section of defects, the carrier
concentrationn, and the thermal velocityv ~;107 cm sec21

at room temperature!,

R5nsv. ~15!

FIG. 13. Variation of diffusion coefficients of Zn and Si impu-
rities in GaAs~layer 1! as a function of concentration calculated by
the analysis of the Boltzmann and Matano method from the depth
profiles of Zn and Si impurities measured by SIMS.
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Thes of traps in electron-beam-irradiated Si is measured as
10212–10215 cm2, and thus we tentatively assume here that
s510214 cm2.

The electron irradiation also produces high concentrations
of electron-hole pairs~EHP’s!. The rate of generationG of
electron-hole pairs per unit time by an incident electron can
be estimated as follows:36

G5~1/}!~dE/dx!~dF/dt!, ~16!

where} is the energy for the formation of the EHP@;3.88
eV for Si, and;4.7 eV for GaAs~Ref. 37!#, dE/dx the
electron energy loss per cm of the path by a fast electron
~3.93106 eV cm21 e21 for Si, and 7.433106 eV cm21 e21

for GaAs!, and dF/dt the electron dose rate~3.731017

e cm22 sec21!. Assuming the above values, the irradiation
results inG.3.731023 and 5.531023 EHP’s cm23 sec21 for
Si and GaAs, respectively. In the steady state during the ir-
radiation,n is given by

n5Gt, ~17!

wheret is the carrier lifetime. The value oft for the irradi-
ated GaAs wafer was obtained as;2.7 ns. Then
n.1.3531015 cm23 for GaAs, andRbecomes 108 sec21. DE
would be about half of the band gap, i.e., 0.7 eV for GaAs.
The migration enthalpies of the defects in GaAs has been
obtained to be about 0.88 eV.38 If E*2DE ~activation en-
ergy! is in the range of 0.1–0.2 eV, which agree with the
experimental results, the value ofD calculated from Eqs.
~13! and ~14! becomes 10212–10215 cm2 sec21, i.e., compa-
rable to the experimentally determined values ofD. Thus
both the vacancy and interstitial states are considered to con-
tribute to the observed enhanced diffusion.

F. U-shaped diffusion profile

U-shaped diffusion profiles of the impurities in the sub-
strate were obtained experimentally by using secondary-ion-
mass spectrometry~SIMS!, as shown in Fig. 7. The results
can be explained well by considering both the kick-out
mechanism and surface diffusion process.6

So far the following outstanding feature of diffusion of Zn
in GaAs have been established.39 The diffusion of Si in GaAs
is similar to one of Zn in GaAs. The Zn atom may occupy
both substitutional~Zns! and interstitial~Zni! sites. The solu-
bility of Zns is larger than that of Zni because the substitu-
tional state is energetically favorable, whereas the diffusivity
of Zni is much higher than that of Zns by several orders of
magnitude. Thus the effective diffusivity of Zn atoms is not
very large. The kick-out mechanism which was originally
proposed for Au in Si~Ref. 40! is characterized by the gen-
eration of a Ga self-interstitial~Gai!

Zni�
k2

k1
Zns1Gai , ~18!

wherek1 andk2 are reaction constants, and subscriptsi and
smean interstitial and substitutional states, respectively. Be-
cause of the high mobility of Zni , after a short time Zni has
practically reached its solubility limit Zni

eq in the whole
specimen. Considering the law of mass action of the kick-out
reaction, we can see that the concentration of Zns is not high

where a large number of Gai exists. During irradiation, many
Frenkel pairs and thus Gai’s are created, and therefore the
Zns concentration will not be high in the bulk region. How-
ever, the Gai concentration is reduced near the surfaces since
a surface acts as a sink of interstitials. Hence the Zns con-
centration can be high near the surfaces. This would give rise
to aU-shaped diffusion profile.6

As shown in Fig. 7, the concentration is very high near
the surface, while it is relatively low and almost constant in
the bulk region except in the vicinity of the surfaces: i.e., the
profiles areU shaped. The result of a computer calculation
for the kick-out mechanism using Eq.~18! in a set of three
partial differential equations was in qualitatively fair agree-
ment with experimental diffusion profiles.41

G. Schematic diagram of a mechanism of EBD

The origin of electron-beam doping may be considered as
follows.30 First, electron irradiation of the impurity sheet on
the substrate creates Frenkel defects and electron-hole pairs
in the impurity sheet. There are a number of unrecombined
interstitials in crystal, which are nearly equal to that of total
observed vacancies. As the migration energy of interstitials is
small ~less than 0.22 eV for Si!,42 the interstitials migrate as
an ‘‘atomic beam’’ owing to the energy transferred by recoil
with electrons and displaced atoms, and they may sink at or
near the surface. As a sticking probability of impurities at a
wafer surface may be expected to be rather large from the
experimental results of Fig. 9~b!, the concentration of inter-
stitials, reached at the surface, may increase under irradia-
tion. The concentration of migrating interstitials becomes on
the order of the matrix atoms. Surface diffusivities of impu-
rities were on the order of 1010 times as large as the volume
diffusivities.16 Supersaturations of atoms at the surface may
be built up, and some islands with impurities were
introduced.43 A small fraction of the monolayer of impurity
atoms at or near the surface of the substrate may possibly be
formed during irradiation. Thereby concentration-enhanced
diffusions may be effected due to the high concentration of
impurities at or near the surface. Furthermore, mobility-
enhanced diffusion by recombination of electron-hole pairs
with high concentrations produced by electron irradiations
may also occur. Subsequently, the interstitials~impurity at-
oms! diffuse into the substrate from the impurity sheet by the
above enhanced diffusions.

V. SUMMARY

The mechanism of electron-beam doping was studied ex-
perimentally and theoretically. The main results were ob-
tained for the surface diffusion of foreign atoms, for the elec-
tron energy dependences of the doped-atom concentration,
and for three-layer systems of Si/Zn/GaAs. The energy spec-
tra of primary displaced atoms were calculated from the elec-
tron energy spectra computed by a Monte Carlo simulation.
From the experiments, the surface diffusion of free-atom-like
impurities was established, and its surface diffusivity was on
the order of 1010 times as large as volume diffusivities. The
electron energy dependences of the concentration for the
doped atoms are in agreement with those calculated for the
displaced atoms. These results suggest that the displaced at-
oms contribute to EBD. Subsequently, the mechanism of
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EBD may be explained by the displaced atoms, the migration
of them, surface diffusion with large diffusivities, a high con-
centration surface layer, and the concentration- and
recombination-enhanced diffusions. Additionally, EBD pro-
cesses would be useful or interesting, with advantages over
alternative doping techniques, because even in the unirradi-
ated region without damage and at room temperature, doping
processes for shallow depths from the surface may be pos-
sible. Further studies will be carried out for the general prob-
lem of semiconductors, and the application of EBD.
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