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Abstract

Ve shov that extremely shallov ({ 800 A) melt depths can be easily obtained by irradiating a thin heavily
doped silicon layer wvith a CO, laser pulse. Since the absorption of the CO, laser pulse is dominated by
free-cavrisc transitions, the“beam heating occurs primarily in the thin de;inerutely doped film. For CO
pulse-energy dinsizies exceeding a threshold value, surface melting wccurs and the reflectivity of the ifci-
dent laser pulse increases abruptly to about 90 X. This large increase in the reflectivity acts like a
svitch to reflect almost all of the energy in the remainder of the pulse, thereby greatly reducing the
amount >t energy available to drive the melt front to deeper depths in the material. Transaission electron
micros:npy shovs no extended defects in the near-surface region after laser irradiation, and van der Pauv
electri~al measurements verify that 100X of the implanted arsenic dcpant is electrically active.

Introduction

Pulsed laser processing of ifon-implanted silicon has been applied extensively to the fabrication of high-
efficiency solar cells.” It has been demonstrated that pulsed laser annealing is superior to thermal
annealing for the removal of lattice damage caused by ion implantation, electrical activation of ilpllnt!d
dopants, and preservation of the minority carrier diffusion length in the base region of the solar cell.
Most of the advantages of laser annealing over conventional thermal processing result from the localiza-
tion of thermal effects associated vith the laser pulse and the increased control of severii critical solar
cell paremeters (e.g., junction depth and free-carricr concentration). 3

There exists many reports on the use of pulsed lasers to melt ion-implanted silicon layers.” Almost all
of these investigations have been conducted vith a laser that has a photon energy greater than the bandgap,
such as a ruby or excimer laser. Unfortunately, the energy deposited from a ruby or excimer laser alwvays
occurs vithin the absorbing layer at the surface, and one has little control over the penetration depth for
a fixed photon energy. In order to melt extremely thin (< 800 A) layers vith a ruby or excimer laser, one
has to precisely control the pulse-energy density at a value close to the melt threshold, vhich is generally
difficult due to beam reproducibility and spatial inhomogeneities. For lov energy (< 10 keV) arsenic-
faplanted Si samples, ve shov in this paper :hat a pulsed CO, laser is particularly suitable for forming
very shallov (< 800 X) melt depths by countrrlled heating of gnly the thin degenerately doped surface
layer. After laser irradiation the resultant profile of electrically active arsenic shovs a region near the
surface having a concentration exceeding the equilibrium solid solubility limit and an intermediate region
in vhich the density falls rapidly tovard the n-p electrical junction, both of vhich are important to the
manufacturing of n‘pp‘ solar cells vith high conversion efficiencies.

For CO, laser radiation (A ~ 10 um), the absorption of the pulse energy in a shallov arsenic implanted
Si layer %s dominated by free-electron transitions within the conduction band. Since the free-electron
concentration in the thin surface film can be several orders of sagnitude greater than the underlying sub-
strate, one can preferentially deposit the energy of the laser pulse in the thin film at the surface. If
the duration of the pulse is short compared to the time required to conduct the heat out of the shallow
surface layer, then the COz-laser-induced heating occurs only in the thin arsenic-implanted layer vhere the
free-carrier density is large. Because molten silicon is aeta%lic. the onset of surface melting causes the
veflectivity of the sample to increase abruptly to about 90.%," wvhich is much larger than the reflectivity
increase of a ruby or excimer laser pulse. This large increase of the reflectivity upon melting acts like
a svitch to reject most of the energy ir the remainder of the CO, laser pulse, thereby reducing the amount
of energy available to further heat the surface and drive ti.e neit front to considerably deeper depths in
the material. Furthermore, for applications vhere one has both heavily doped and undoped areas 1s the near
surface region, one can spatially select the heazt%y doped regions for beam heating, vithout caus:~g signi-
ficant heating of the adjacent undoped material.” ~ Thus, one can use a relatively large CO, lase: pulse
to simultaneously process many ion-implanted regions on the same or on different silicon vaférs.

Experimental

A gain-svitched, TEA co, laser vas used to generate the pulses at a vavelength of 10.6 um. The :aser
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vas operated vith lov nitrogen content in the gas mix, so that the amplitude of the long tail on the pulses
could be greatly suppressed. About BOX of the energy in each pulse vas contained in the form of a nearly
Gaussian peak of 60-ns duration (FWVEN). The remaining 20X of the pulse energy vas in a second pulse that
vas delayed by about 300 ns from the first pulse and had a duration of 250 ns (FVHN). Por the energy den-
sities considered in this report, the second pulse makes a negligible contribution to the melt depths and
durations of surface melting. As a result, the pulse-energy densities quoted in this paper are for the
energy in the 60-ns primary pulse only.

The output pulse vas diverged-by a spherical convex mirror vith a 1-a radiis of curvature. The diverging
bean vas later collimated by a sphericasl concave mirror vith 2-a radius of curvature. The collimated besa
then impinged on a CO, laser beam integrator vhich spatially hosogenized the beam to vithin 210%. The
dimensions of the 1aszr pulses vere 12x12 ma in the target plane of the integrator. The energy density at
the sample surface vas adjusted by using additional lenses to change the spot size and linear attenuators
to change the total energy in each pulse. A photon-drag detector and volume absorbing calorimeter vere
used to measure the intensity and energy of the laser pulses, respectively.

The samples used in the experiment vere 340-um thick, boron-doped silicon (100) wvafars which, prior to
implantation, had an electrical resistivity of 2—31g-c1 4t room temperature. This rcsistlvity corresponds
to a free-hole concentration of nppto’s-atcly 6x10°" ca™” and hole mobility of about ssqsc- /g-:. The saa-
ples vere implanted on one side vith '“As® ions at an energy of 5 keV to & dose of 2x10°° cu~*, resulting
in an arsenic profile that is peaked at about 70 A from the surface vith a standard deviation of about 25

The samples vere next thermally annealed at 873 K for tvelve minutes to increase the fraction of
electrically active arsenic and thereby increase the coupling of the €O, laser radiation to the near-surface
egion. The concentration of arsenic near the peak of the implanted profile exceeds the solid solubility
limit,” resulting in the formation of arsenic-rich precipitates in part of the 1-p1|nttg lay’r. Van der
Pauv -casure-onia on the thermally annealed samples showed a carrier density of 6.2x10° cm “, carrier mo-
bility of 30 cm®/V-s, and sheet resistivity of 335 9@/sq. 20 3

The free-electron concentration in the first 200 A is ;rgu‘erlthan 107 em™”, so hgt the absorption
coefficient (a) of the CO, laser radiation is large (> 2x10" cm” ') near the surface. - Thellightly doped
substrate {s celatively t;ln:parent to 10.6-us radiation and has a value of less than 10 ca™" at room tem-
perature. Thus, the pulse-energy deposition is primsrily in the thin fils at the surface.

The samples vere irradiated in air by CO, laser pulses at different energy densities. Van der Pauv
measurements vere used to determine the chnages in the carrier concentration, carrier mobility, and sheet
resistivity. A Fourier transform infrared spectrometer vas utilized to study the laser-induced modifica-
tions in the optical properties of the near-surface region. The microstructure of the near-surface region
vas investigated by cross-section transmission electron microscopy. Secondary ion mass spectrometry vas
utilized to measure the redistribution of the implanted arsenic and to investigate the possibility of con-
trolling the dopant profiles by varying the energy density of the laser pulses.

Results and Discussion

Van der Pauv measureaents vere performed on the llser-irtndiated samples, and the results shoved that
for pulse-energy densities (E,) greater than about S J/ca®, significant changes in the electrical groper-
ties of the fon-implanted lay&r occurcred (see Table I). For values of betveen 5.0 and 7.5 J/ca”, there
vas an increase in the electron concentration (N_) and a decrease in the sheet resistivity (p) vith increas-
ing E,. The increase in N_ results from the par!tal melting of the arsenic-implanted layer and subsequent
clnct?icnl activation of tﬁ! arsenic upon solidification of the mcltes layer. At pulse-energy densities
greater than about 7.5 J/cm®, the melt front penetrated to a depth exceeding the implantation-damaged
surface layer, and 100-X activation of the implanted arsenic vas observed. At these higher values of BL'
the implanted srsenic redistributes to deeper depths, and the electroc mobility begins to increase mono-
tonically vith B due to the reduced rate of carrier scattering by the ionized arsenic dopants. )

The CO,-laser-induced melting of the near-surface region also causes significant changes in the infrared
optical p%operties of the silicon samples. A Fourier transform infrared spectrometer was used to obtain

Table I. Electricsl properties of the arsenic-implanted silicon saxples as a function of the incident pulse-
energy density. Here, E. is the energy density, Ns is the electroc ccacentration, p is the sheet resistivity,
and uy is the carrier nobklity.

B, (J/cad) Ng (101 ead) b (sQ) v (ca?rvos)
0.0 0.62 335 30
4.4 0.65 318 kY
5.3 0.96 233 28
6.1 1.62 138 29
6.8 1.81 10 33
7.5 2.00 92 3s
8.4 2.01 76 41
9.2 2.00 51 59
9.9 1.99 a8 [
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Pig. 1 Refleitlnce and transamittance spectra for an unirradiated sample and a sample after irradiation at
E, = 8.1 J/ca®.
L

transmittance and reflectance spectra before and ntterllaser irradiation. Pigure 1 shovs the total reflec-
tance and transmittance spectra in the 400 to 2400 cm™ " range for an unirradiated sample and a sample ir-
radiated at E, « 8.1 J/cm”. After irradiation at B, = 8.1 J/ca®, the total reflectance vas found to change
from 45 X to &8 X, and the total transmittance changed from 22 X to 14 X for light having a vavelength of
10.6 ua. The increase in the free-carrier absorption is consistent vith the measured increase (~ 223 X) in
the electron concentration of the arsenic-implanted layer (see Table I).

Ve used cross-section transmission electroo microscopy (TEN) to investigate the presence of extended
defects in the fon-implantation-damaged layer. Pigure Z(ai is a micrograph of a specimen that has been
irradiated by a pulse having an energy density of 8.1 J/cm®. At this pulse-energy density, the surface
layer contained no extended defects vith a size larger than 20 A, vhich is the smallest size that can be
clearly resolved in the micrograph. In addition, the van der Pauv measurements on the sample shoved that
all of the implanted arsenic vas electrically active. The TEM micrograph, together vith the electrical
measurements, indicates that the entire implantation-damaged layer vas melted by the laser pulse and that
liquid-phase epitaxial regrovth of the molten lly,r occurred.

Another sample was also irradiated at 8.1 J/ca® and then heated in a furnace to 973 K for ten minutes to
study the precipitation of the implanted arsenic. Fig. 2(b) shovs a cross-section TEM aicrograph of the
specimen after furnace treatment. Arsenic-rich precipitates are observed to depths of about 250 A through-
out the near-surface cegion.

Secondary ion mass spectrometry (SIMS) vas used to measure the arsenic profiles before and after laser
1rraiintion. The results are shown in Fig. 3 for several different energy densities. For E less than 5
J/cm”, no redistribution of the :izplanted arsenic vas observed. For higher pulse-energy denkities. the
arsenic vas found to diffuse to deeper depths due to the penetration of the melt front and subsequent
liquid-phase diffusion in the near-surface region.., The amount of redislribution vas relatively small for
pulse-energy densities in the range of 5 to 8 J/ca“. PFor EL > B J/ca”, the maximum depth of As diffusion
begins to increase much more r,pidly vith increasing E, and reaches depths of over 1000 A for pulse-energy
densities greater than 10 J/ca®. No surface segregaticon behavior was observed in any of the laser irradi-
ated arsenic-implanted specimens.

Conclusiocns

Ve have shown that extremely shallov mselt depths can be easily obtained by Co2 laser annealing of low-



Fig. 2 The top photograph shovs a cross-section TEM micrograph of a sample after frradiation by a CO

laser pulse having an energy density of 8.1 J/ca®. The bottom photograph shovs a different sample thgt vas
heated in a furnace at 973 K for ten minutes after being irradiated by a laser pulse at BL = 8.1 J/cm®.

The location of the surface is shovn by an arrov in each photo.

energy (< 5 keV) arsenic-implanted silicon layers. Similar results are expected for other silicon samples
baving a thin degenerately doped surface layer and an underlying lightly doped substrate. The primary
advantages of using a CO. laser to achieve very shallov melt depths, as compared to a ruby or excimer

laser, are that the puls% energy is deposited only in the thin heavily doped layer at the surface and the
C0,-laser-induced melting of the surface layer causes the reflectivity to jump abruptly to a value of

abdut 90 X. The large and sudden increase in the reflectivity upon melting acts like a svitch to reflect
®ost of the energy in the remainder of the laser pulse and thereby greatly reduce the amount of pulse energy
available for driving the melt front to deeper depths. Por a 60-ns pulse and pulse-energy densities (E,)
greater than about 7 J/cm®, ve find that all of the fon implanted arsenic is electrically active and th%
Dear-surface region is free of any extended defects.
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