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I. INTRODUCTION
Interest in the use of ion implantation for the fabrication of
semiconductor devices has increased with the recent reports by

(1) (2)

Russian and Italian research groups that the damage produced in
the lattice during implantation can be annealed witlh intense pulses of
laser radiation. This so-called "laser annealing" of the lattice damage
offers a high degree of lateral control over the annealed region of the
device. Moreover, the annealing takes place on a time scale consider-
ably shorter than that associated with conventional thermal annealing
processes, reducing the possibility of sample contamination or even
decomposition. 1In this '"giant-pulse" regime of laser annealing ,the
sample melts and recrystallizes in times of the order of several 100
nsec. More recently another regime of laser annealing has been ex-

plored,(3'4)

in which a scanned CW ion laser is used to produce a solid-
phase epitaxial regrowth of the implanted layer in times of the order of
msec. Both the pulsed and CW annealing regimes can also be effected by
the use of electron beams instead of laser beams. A number of encourag-
ing results have already been reported for the laser annealing of im-
planted Si: the residual damage, as measured by Rutherford backscatter-
ing, is low after laser annealing, the percent of substitutional dopant
impurities is high, and the resulting electrical activity of annealed
layers is good.

In particular, it has been reported that CW laser annealing of
implanted Si with a scanned Ar' ion laser produces good-quality, defect-
free single-crystal material over a reasonable range of laser power
(approximately 80-95% of the laser power necessary to melt the Si crys-

(3-5)

tal). In some instances the solid solubility of the implanted

o sonih
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species has been exceeded by laser annealinc npared with thermal

(6)

treatments. More recently, however, DLTS(7) and photolumines-

cence(a’g)

studies have shown that electrically and optically active
defects are present in the laser-annealed matevia. cui. refer . ocan
dominate the minority carrier lifetime, one of the most important indi-
cations of material quality for actual device performance. Therefore,
beam annealing (using both lasers and electron beams) requires addition-
al characterization using techniques which reflect minc:ity-carrier
effects rather than majority-carrier properties.

The aim of the research program described in this report is to
conduct an investigation of minority carrier recombination processes in
ion-implanted semiconductors which have been laser annealed by using
optical techniques; in particular, the low temperature photoluminescence
of excitons bound to implanted donors and acceptors is investigated. 1In
addition, consistent with the approach of studying minority-carrier
effects in beam-annealed semiconductors, the scope of this investigation
has been broadened in two ways.

1. Electron-beam-induced-current (EBIC) measurements have been
used to complement the photoluminescence studies as another powerful
technique to determine minority -carrier properties. EBIC provides
information about minority carrier recombination in these materials,
since regions of high defect density or amorphous material will appear
as dark areas in the EBIC display.(lo)

2. The beam annealing studies have been extended to the use of
scanned-electron-beam annealing (SEBA) in addition to the (W laser
annealing (LA) originally envisioned for these studies. Some prelimi-
nary experiments on using giant-pulse laser annealing have alsn !wen

initiated, but these results will be reported elsewhere.
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Thus far, the results of these investigations have been obtained on

Silicon, and may be summarized briefly as follows.

A. Summary of Laser-Annealing Results

1. Both photoluminescence and EBIC experimeats show that the
“window" for successful laser annealing is quite small; low charge-
collection efficiency, with a high-contrast pattern of light and dark
stripes running parallel to the laser scan, usually results.

2. This window is a function of the substrate temperature during
the anneal.

3. Optimum annealing is obtained for a highly-overlapping scan of
a large-diameter (approximately 100 um) laser spot, at a laser power
just above the threshold for the initiation of annealing (approximately
70-75% of the power required for melting).

4. At lower laser power, inadequate annealing results in low
charge collection efficiency.

5. At higher laser power, there is strong evidence for the exis-
tence of laser-induced damage, which extends into the bulk of the wafer
below the implanted layers. As the laser power approaches that required
to melt the Si wafer, the damage takes the form of misfit dislocations.

6. From the observed broadening and shifting of bound-exciton
luminescence lines after laser annealing, the strain surrounding the
implanted ions was found to be quite small, corresponding to approxi-

mately 10.4 of the original lattice displacement.
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B. Summary of Electron-Beam-Annealing Results
1. Electron-beam annealing is found to be generally superior to

laser annealing in most respects thus-far investigated. Dark stripes
are difficult to observe in the EBIC display, anc¢ t..- ... - noji-~i-or
current is greater.

2. The window for successful electron-beam annealing is broader
and flatter than that for laser annealing.

3. The required beam overlap is considerably lec-: thsn *hat
required for good laser annealing.

4. Only when the electron-beam power approaches that required for
melting does the charge collection efficiency fall off; it does so

rapidly as a result of the formation of misfit dislocations.

II. EXPERIMENTAL TECHNIQUES

A. Laser-Annealing Apparatus

An 18 Watt Ar' ion laser with multi-line output was used for most
of the laser annealing experiments, although a few experiments were
performed initially with a Ke' ion laser utilizing approximately 6
Watts. The scanning system is shown in Fig. 1. A galvanometer-driven
mirror is used for the y-direction scan, and the sample holder is mount~
ed on a translation stage for the x-scan. The y-scan speed can be
varied between 0.1 and 20 cm/sec., and at the end of each y-scan, the
stage is shifted by a stepping motor with minimum steps of 6 um. During
the annealing, the sample is mounted on a vacuum chuck, and heated to
the desired temperature. The beam diameter (1/e width of tile G:i's: . in
beam) is determined by the focal length and distance of the lens used to

focus the light on the sample. Typical annealing conditions are¢ q. e

in Table I.
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TABLE I

BEAM ANNEALING PARAMETERS

LASER
Spectra Physics
Argon laser
Model 171-19
Substrate temperature 250°C

Beam power 10-15 W

Working distance --

Beam size 100 um
X-step 6 pm
Y-scan 6 cm/sec

ELF.CTRON-BEAM
LTEK Scanning
Electron Microscope
modified for high
current operation

20°¢C

150 pa at 30 kv

26 mm

20 pm

11 pm

20 cm/sec

#
i
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B. Electron-Beam-Annealing Apparatus

For scanned-electron~beam annealing, a commercial Etek scanning
electron microscope was modified for high current operation; this is
done by removing appropriate apertures from the .. ... . iz .iain
sufficiently high beam currents for annealing. Beam currents as high as
150 ya were achievable. All anneals were done at room temperature.

Typical conditions for anneals are also given in Table I.

C. Sample Preparation

Samples were implanted with energies between 25 and 180 keV and
typical doses of 5X1014—2X1016 As+ ions/cm2 into p-type Si substrates
whose resistivity ranged from 5 to 20 ohm cm. To compare our results
with those obtained in other laboratories, a few samples were obtained
from other sources. ©One set of samples was implanted and ar' laser
annealed at Stanford University using the two-mirror scanning system
previously described.(ll) A second group was implanted at Xerox Corpo-
ration, El Segundo, and Ke' or Ar+ laser-annealed at the University of
California, Santa Barbara (UCSB). However, unless otherwise indicated,
all data reported here were obtained on samples both implanted and

laser-annealed at UCSB. For photoluminescence experiments, samples were

implanted with lower doses of Pt as explained in Section III, C.

D. EBIC Measurements

After implantation and beam annealing, mesa diodes were fabricated
by standard photolithographic technigues and metallized ohmic conta:ts
were formed on both sides of the sample. The area of the top ohmic
contact i smaller ‘ .an the mesa area in order that electrons can pene

trate direct’, into the sample for EBIC measurements.
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The principle of EBIC is shown in Fig. 2. The top of the sample is
implanted (usually with As+) and annealed to become n-type, producing a
p-n junction in the p-type (B-doped) substrate. The shaded area repre-
sents the depletion region. The electron beam from the SEM produces
minority carriers, which diffuse and drift across the junction. This
charge collection results in a current, which can be displayed on the
cathode ray tube (CRT). Since a minority carrier will recombine at
defect centers or improperly-annealed damage portion before reaching the
depletion layer, such regions appear as dark areas due to a reduction in
the charge collection efficiency. Thus, the CRT display provides a 2-D
map of the regions of high and low charge collection efficiency, corres-
ponding to low and high defect density, respectively. Moreover, depth
information can also be obtained, since the penetration of primary
electrons can be varied by changing the accelerating voltage. For
example, the junction plane formed by a 100 keV As implant is approxi-
mately 0.2 to 0.3 pm from the surface, whereas the range of the electron

beam is 0.3 pm for 5 keV, and 3 um for 20 kev.(lz)

Therefore, EBIC
pictures taken with 5 keV accelerating voltage contain information
mainly from the originally amorphous layer which is created by ion
implantation, while the 20 keV pictures provide some substrate informa-
tion. These effects are shown schematically in Fig. 2. Such arguments
are, of course, qualitative; clearly there is some ambiguity due to the
profile of the electron beam in the sample, carrier diffusion, and other
effects. Quantitative estimates are complex, but can be carried
out.(lz)

To compare similar samples which have been annealed with different

laser power, EBIC displays were obtained with identical electron beam

current and amplifier gain. The total EBIC charge collectijon current,
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I was measured for each sample, and is : as a measure of the

EBIC’
charge collection efficiency of the laser-annealed sample. In addition,
each sample was used as a simple photodetector, and the resulting short-

as well as I Was . .o 2 mess - of

circulit photocurrent, Iphoto' ERT~"

the minority-carrier collection efficiency.

E. Photoluminescence Measurements

Low temperature photoluminescence measurements wa'~ csrvied out
with the samples mounted in a liquid He immersion dewar. Temperatures
between 4.2 and 1.6 K could be achieved by pumping the He below the
lambda point. Luminescence was excited by low power output (typically
< 100 mW) from the same Ar* ion laser used for annealing experiments.
The excitation wavelength was 5145 ;, corresponding to a l/e penetrationr
of the exciting light of approximately 2-3 ym. A l-meter McPherson
monochromator with a dispersion of 16 ;/mm, and an S-1 response photo-
multiplier cooled to -100°C, with either phase-sensitive or photon-
counting techniques, were used to detect the luminescence. The result-
ing resclution was sufficient to detect individual bound-exciton lines
and determine broadening and shifts of these lines induced by stress.

Spectral resolution is included with the data as appropriate.

F. Other Measurements

Sheet resistivity and Hall mobility measurements were frequently
made on these samples after laser annealing, using the van der Pauw
technique. It was also found useful to determine the retuin ¢t . r-
phous implanted samples to their single-crystal condition after nneal-

ing by optical techniques, using either (1) an optical micros.uin ro
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observe differences in reflectivity, or, more precisely (2) an ellip-
someter to compare the refractive index and absorption of unannealed and

annealed layers with those of virgin Si.(13)

I1I. RESULTS

A. EBIC Evaluation of Laser-Annealed Si

A typical EBIC result is shown in Fig. 3. In the upper and lower
portions of this figure, the EBIC mode has been switched off so that a
standard secondary-electron micrograph results. ‘he laser-annealed
sample appears to be smooth and defect-free in this mode, as antici-
pated. However, using the ¥BIC mude (center of Fig. 3), it is clear
that laser gs.i. ealing has produced quite non-uniform minority carrier
effects: high-contrast dark 1lines appear which are parallel to the
direction of laser scan. The EBIC dark-line spacing is of the order of
the laser scan step; the deviations from constant spacing are believed
to result from complex overlap =ffects, or small galvonometer deviations
during scanning.

The sample shown in Fig. 3 is one of a series of "standard" samples
processed at Stanford under conditions known to result in good-quality,

(3)

defect-free single-crystal material. It is clear, however, that
laser annealing has produced quite nonuniform minority-carrier effects.
Almost all samples studied here show such dark-line contrast. This
dark-line constrast can result from two causes: (i) incomplete anneal
due to insufficient laser power, allowing either a high density of
residual defects or incomplete electrical activation of As donors; or

(ii) damage induced by excess laser power, introducing crystal defects

which act as recombination centers. Improved results were obtained for
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a large-diameter laser beam (100 pm), small direction scan step

(6 um), and slow scan speed (6 cm/ sec). These results are consistent

(9)

with recent photoluminescence data.

An example of the results obtained with the¢- . - ... ¢ .« ven
in Fig. 4. The left column (Figs. 4(a)-(c)) shows the EBIC contrast
pattern using 5 keV electrons; the right column (Figs. 4(d)-(f)) shows
patterns obtained on the same 3 samples using 20 keV accelerating volt-
age. Consider first the 5 keV results; P is the laser r:xver of the

annhealing beam. For P < 0.6PM, where P, is the power required for

M

melting,(14) little EBIC contrast is observed, but the value of IEBIC is

very low. This value of P is clearly below the threshold for laser

IEBIC and Iphoto increase, no sign of the

implanted amorphous layer is observed optically, but strong contracst

annealing. At P = 0'64PM’

appears in the EBIC pattern, as seen in Fig. 4(a). At P = 0'72PM’ IEBIC

and Iphoto reach their maximum values, and the dark lines are much more
difficult to see in the EBIC pattern (Fig. 4(b)). Increased laser

power, P = O.92PM, produces a dramatic decrease in I and I and

EBIC photo’
a corresponding increase in EBIC contrast (Fig. 4(c)). Somewhat differ-
ent results are obtained for 20 keV electrons. IEBIC still peaks at
approximately the same value of P, but strong contrast is observed only
for large values of P (Fig. 4(f)), corresponding to laser power greater
than that required for optimum anneal. In this case, a cross-hatched
appearance 1s observed, resulting from the formation of misfit disloca-
tions due to the thermal gradient-induced stress at this high laser
power.

These results are typical; very similar effects were observed °n

many sets of samples prepared for these studies. Results for & I v
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dose case are given in Fig. 5, which shows the dependence of I d

photo an
the sheet resistivity, p, on laser power. For this dose p = 45 Q/0 was
achieved, corresponding to 100% electrical activation, and He = 40

cmZ/V sec. peaks at a slightly higher value: P = 0'76PM' As

Iphoto

before, decreases at both low and high values of P. Also shown

Iphoto
for comparison are the results for an electron-beam annealed (SEBA) and
thermally annealed (TA) sample.

These results are interpreted as follows. The true "window" for
optimum laser annealing, as determined by minority-carrier charge col-

lection, is quite narrow, corresponding to ~ 70-75% of P The position

M
of this window is weakly dosc-dependent. At lower P, the anneal is
incomplete. At values of P above the peak, the charge-collection effi-
ciency drops off rapidly. This is direct evidence of laser-induced
damage, and this damage is clearly observed at high accelerating volt-
age. Although it is difficult to extract accurate quantitative informa-
tion from such experiments, these results strongly suggest that the
laser-induced damage may extend considerably deeper than the implanted
amorphous layer. This is consistent with the profile of non-radiative

(7

defect centers measured by DLTS. For the case shown in Fig. 4(f),
the observed misfit dislocations run from the surface deep into the
crystal.

The data shown in Fig. 5 determines the "window" for optimum laser
annealing as seen by these minority carrier measurements. The depen-
dence of this window on processing parameters is of considerable inter-
est for device application. 1In Fig. 6 the effect on this window of

changing the substrate temperature during laser anneal is shown. &

somewhat arbitrary definition of the annealing window has been used as
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follows: The threshold power for good anneai correspcnds to 100%
activiation, given by the point at which the sheet resistivity reaches a
minimum value (e.g., P = 0.69 Py in Fig. 5). The upper-limit for good
annealing is defined as the power at which I ., , . . .. ft- . oL
its maximum value. The mélting power itself is dependent on substrate
temperature (also shown in Fig. 6), as expected from calculation.
Although no noticeable change in window wibth is observed over a wide
range of temperature, it is noted that the position of the 'rindow with
respect to the melting power is clearly dependent on substrate tempera-

ture. This is of particular importance for the practical application of

processing of Si.

B. EBIC Evaluation of Electron-Beam Annealed Si

In general, the use of the scanned electron beam from the electron
microscope gives results that are somewhat similar but generally superi-
or to those obtained with the scanned laser beam (see, for example,
Fig. 5). A direct comparison between the two techniques is given in
Fig. 7, showing samples that have been optimally annealed using thc two
techniques. For the laser-annealed sample. Fiq. 7(a), dark-line con-
trast, though weak, is still observable, while contrast in the electron-
beam annealed sample is much weaker. Correspondingly, the optimum value

of is slightly higher for electron-beam than for laser annealing.

Iphoto
This implies that the electron-beam annealed sample has a uniformly high
minority carrier collection efficiency.

In Fig. 7, the laser annealing was done with a highk deq. -« -¢

overlap of each consecutive scan (i.e., more than 90% overlap). On the

other hand, the degree of overlap required for uniform annealir. .. a.
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the electron beam is much less. This is shown in Fig. 8. 1In the lower
photograph, the x-step between successive scans is 44 um, while for
Fig. 8(b) the step is 22 pm, and in the top, Fig. 8(a), a step of 11 pm
results in very uniform annealing. The beam diameter was estimated to
be ~20 pm by scanning it across a Faraday cup, altliough there is some
ambiguity in determining this diameter, particularly because the elec-
tron beam spreads as it penetrates the sample (beam-blooming). Never-
theless, this figure shows that less overlap is required for electron-
beam compared to laser annealing.

Furthermore, the window for electron-beam annealing is wider and
flatter than that observed for laser annealing, as shown in Fig. 9. The

plot of I versus laser power for the laser-annealed (LA) sample at

photo
350°C is identical to that shown in Fig. 5. However, for comparison
with the electron-beam annealing (SEBA) done at room temperature, the LA
curve obtained with a substrate temperature of 25°C, also shown, is more
appropriate. Two major differences are immediately apparent. First,
the electron-beam annealing produces a wide, flat window, compared to
the laser-anneal curve, which peaks sharply at a power determined by the
substrate temperature. Secondly, when the electron beam curve falls
off, it does so precipitously; that is, the sample goes from good quali-
ty material to a state of high misfit dislocation or slip-plane density
for a very small increase in beam power. It is difficult to observe an
intermediate region, where damage is introduced by the laser without the
formation of dislocations, in the case of the electron beam. These
misfit dislocation networks are shown in Fig. 10. Networks are formed
for both the laser and SEBA cases, with only slightly different appear-
ance; these differences may be due to the different power level involved

in annealing.

oo ree e e e A et
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C. Photoluminescence Evaluation of Laser-Annec Y

Low temperature, bound-exciton luminescence of donors and acceptors

1.(15-23) However, there are two addi-

in Si has beew studied in detai
‘ienal complications involved in the investigati. - N .
1on-implanted materials: (1) the luminescence intensities are generally
quite weak, due to the presence of unannealed strain and damage in the
vicinity of the implanted ion, and (2) the penetration of the implanted
ions is quite low, typically only a few tenths of a um, -~ *h~t effi-
cient overlap of the impurity distribution and the exciting light is
difficult. The first of these difficulties is, of course, the point of
using low temperature luminescence to investigate the quality of beam-
annealed material; this technique has earlier been used by the principal

(24-30) .nd others(3!) to evaluate the thermal anneal of

investigator
implanted materials. As for the second difficulty, a multiple-energy
implantation of P’ was performed with a maximum energy of 180 keV to
create a deep and uniform P concentration profile, so that enhanced
luminescence intensity could be obtained. Typically, a flat profile of

16 -3

P with a concentration of 10" cm ~ to a depth of ~0.6 um was used. 1Ilis

concentration was chosen to prevent concentration quenching of the

(20) Since the penetration of the Ar' laser excitation

luminescence.
into the sample was ~2-3 pm, which is deeper than the implanted layer
thickness of ~0.6 um, some of the luminescence observed was from the B
doping of the p~type substrate. This luminescence was used to evaluate
any deterioration or creation of damage in the substrate as a result of
the implant or the beam processing. P-related luminescence ;s e¥, . .

only from the implanted layer, since there was no additional P doring

other than the implant.
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A typical luminescence spectrum obtained for a P-implanted and
thermally-annealed sample is shown in Fig. 11. The higher energy region
of the spectrum shows the recombination of excitons bound to neutral B
(16)

and P; these are no-phonon lines, and are designated BNP and PNP'

Additional weak lines, denoted BNP(bi)' etc., resulc from bound multi-

exciton complexes. (22.23)

In the lower energy region, the emission
lines consist of momentum-conserving phonon replicas of the no-phonon

lines; these are denoted by BLO' etc., to indicate the type of

Bro
phonon involved. Note that in this and the following figures, the
intensities of the no-phonon lines and the TO phonon lines are indepen-
dently normalized for clarity of presentation.

Very similar spectra were obtained from laser-annealed samples with
annealing laser power ranging from 0.6 to 0.95 of the melting power (P")

for Si. Figure 12 shows the results for P: the luminescence intensity

for the P emission line is plotted as a function of the annealing

NP
power, relative to the melting power, PM' No luminescence signal is
observed below 0.6 P", indicating that this laser power was insufficient

for activation of the implanted P. However, a sharp increase is ob-
served between 0.6 and 0.7 PM' which clearly shows activation of the
implanted species. This result is fully consistent with the electrical
activation results obtained by sheet resistivity measurements (cf.
Fig. 5), for which 4){1015 as’ ions/cm2 were implanted into the same
substrate material and laser annealed. The luminescence results, on the
other hand, were obtained for low-dose ptt implants, below the dose
necessary io make the Si amorphous. The similarity of these results

suggests that the implant dose does not have a strong influence on the

laser power required for the activation of implanted impurities. After
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reaching a maximum intensity, the luminescence ases with increasing
laser power, despite the fact that there is no change in the degree of
electrical activation (as shown by the sheet resistivity data of Fig.
5'. This decrease in intensity must therefore . . e s
tion of the minority carrier lifetime and/or creation uf non-radiative
defects. An alternate explanation, involving small displacements ci the
P atom from its substitutional lattice site (for which electrical mea-
surements are far less sensitive than optical measuremenr<) e consid-
ered unlikely on the basis of the very small lattice displacements
estimated from the optical data to be described below.

For the case of B luminescence, a similar dependence on laser power
was observed, as shown in Fig. 13. However, the reason for this power
dependence must be somewhat different than for the P case, since thic
luminescence originates from B acceptors in the original substrate
material. The exciting light penetrates deeper than the implanted
layer, exciting luminescence from the substrate B. Thus, even for laser
power less than 0.6 PM (for which no P luminescence was observed), the B
luminescence intensity was already ~30-40% of its maximum value. For
increasing laser power, the B luminescence intensity also increases, as
a result of at least two effects: (1) B in the implanted layers also
becomes optically active as a result of the laser annealing, and (2) the
absorption coefficient of the implanted layer is reduced, so that more
substrate B can be excited. Finally, the reduction 1n luminescence
intensity above 0.75 PH can be attributed to the production of defects
at high laser power, as was the case for the P-luminescenct g t
there is again the difference that most of the optically-active ¥ 15

expected to be in the substrate below the implanted layer =« ..
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that the laser-induced defects also extend quite deep into the sub-
strate. This is consistent with the short-circuit photocurrent, Iphoto’
obtained for a higher dose implant, and also plotted in Fig. 13.

The strain which exists after laser annealing can also be estimated
from the detailed line-shape of the no-phonon lines. For this purpose,
a high resolution spectrum ir t'» region of the nc-phonon lines is shown
in Fig. 14. For a sample doped with P during growth, the half-width
measured for the PNP lwu.cs is very small, and is instrument-limited in
Fig. 14. However, for !  -m-hlanted samples, both a conventional thermal
anneal (TA) and a laser anneal show increased half-widths, indicating
that the implant cdamag: has not been completely removed. As the laser
power increases, the linewidth also increases until, at ~0.94 PM' the
peak of the line begins to shift to lower energy. This laser power is
sufficient to induce damage; consequently a strain field exists at the
impurity. By comparing this data with published uniaxial stress data

for P-doped Si,(21'22)

an estimate can be made of the strain-induced
lattice displacement, Aa/a. The maximum displacement observed in these

experiments, at a laser power corresponding to 0.94 P, was only Aa/a =

Hl
10_4, a surprisingly small amount. For this value of laser power,
misfit dislocations form, as was seen in Figs. 4 and 10. Thus, the
strain field is relaxed by the introduction of these dislocations. At

lower laser power, where no misfit dislocations are observed, the lat-

tice displacement is clearly seen to be very small.

IV. CONCLUSIONS AND FUTURE PLANS
Considerable information about the mechanisms of beam annealing im-

planted Si has been gained by the study of minority carrier effects
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using electron-beam-induced current and low t ature photolumines-
cence. The detailed results of this investigation have been summarized
in the Introduction. It is clear that good-quality material suitable
“nr device application can be obtained by laser . . ner .
cising considerable care, since the window for annealing 1s much nd::ow-
er than had been indicated in the literature, and damage can easiiy be
introduced by the laser. However, using scanned electron-beam annealing
the control tolerances to achieve good results are somewhat relaxed, and
the quality of the resulting material is generally superior.

During the second year of this investigation, two major areas need
to be investigated. For Si, the nature of the laser-induced damage
needs to be further explored, and the use oi these beam annealing tech-
niques for actual devices should be investigated. Secondly, much of
this work will be extended to InP and related compound semiconductors.
work on the compound semiconductors is currently receiving a high prior-

ity in this laboratory.
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FIGURE CAPTIONS

Schematic diagram and typical conditions used for laser and
scanning electron beam annealing.

Schematic diagram of the electron-beam-induced current experi-
ments.

EBIC micrograph (center) and secondary electron emission image
(top and bottom) excited by S-keV beam. The sample was im-
planted with 6><1014 as' ions/cm2 and annealed with a 40-um
spot and 30-pm step. 1In the EBIC mode, dark regions corres-
pond to low charge coiiection. Substrate temperature TS =
250°C.

EBIC micrographs for 1.6X1016 as’ ions/cm2 annealed with a
100-pm spot and 6-pm step. Left column (a)-(c) for 5 and
right (d)-(f) for 20 keV. Annealing laser power wa: .64 PM
for (a) and (d), 0.72 PM for (b) and (e), and 0.92 PM for (c)
and (f). Tg = 250°C.

Dependence of short-circuit current 1 in arbitrary units

15

photo

and sheet resistivity p on annealing laser power P for 4x10
as’ ions/cm2 sample with 100-ym laser spot and 6-uym step.
Laser power 1s normalized by the melting power PM‘ TS =
250°C. Also shown are electron-beam annealed (SEBA) and
thermally annealed (TA) samples.

Dependence of the laser power required for melting (PM), and
the window for good annealing, on substrate temperature.
Triangles give the threshold (i.e., lowest) power for good

annealing, closed circles represent the upper-limit power for

annealing as described in the text.
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EBIC micrographs for (a) laser anneai ind (b) electron-beam
annealing under optimal anneal conditions for each technique.
EBIC micrographs for electron-beam annealing showing the
cffect of beam overl:p Scan g

(c) 44 ym. Diameter of electron beam is ~20 pm.

Dependence of short-circuit current, in relative

Iphoto’
units, on annealing laser power for samples laser-annealed
(LA) at two different substrate temperatures . G .1 sanple
electron-beam annealed (SEBA) at room temperature. Laser
power is normalized by the melting power, PM'
EBIC micrographs showing the introduction of misfit disloca-
tions for (a) laser annealing and (b) electron-beam annealing.
Low temperature photoluminescence spectrum for Pt imvian:

into B-~doped Si, followed by conventional thermal anneal The
implant conditions and the resulting spectral features are
explained in the text.

Low temperature photoluminescence intensity, in normaliczed
units, as a function of annealing laser power for Phosphorus
no-phonon 1line (PNP). The intensity of these luminescence
lines for thermally-annealed material 1is indicated by Ta.
Implant conditions are the same as Fig. 11. TS = 250°C.
Low temperature photoluminescence intensity, in normalized
units, as a function of annealing laser power, four Boio
no-phonon line (BNP) and TO-phonon line (BTO)A The 1tensity

of these luminescence lines for thermally-annealed ial. . ;

indicated by TA. The broken line is the dependence :/ °
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for a heavier dose implant, taken from Fig. 5. Implant condi-
tions are the same as Fig. 11. TS = 250°C.

High resolution spectra of B and P no-phonon luminescence
lines for bulk Si conventionally doped with P, and for Pt
implanted samples that have been thermally annealed (TA) or
laser annealed (LA) at the laser pow:cr (normalized to the

melting power) indicated. Implant conditions are the same as

Fig. 11. Tg = 250°C.
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