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Athermal annealing of Si-implanted GaAs and InP
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GaAs and InP crystals ion implanted with Si were athermally annealed by exposing each crystal at
a spot of~2 mm diameter to a high-intensity 1.Q6n wavelength pulsed laser radiation with

J pulse energy for 35 ns in a vacuum chamber. As a result a crater is formed at the irradiated spot.
The crater is surrounded by a dark-colored ring-shaped region which is annealed by mechanical
energy generated by rapidly expanding hot plasma that formed on the exposed spot. The electrical
characteristics of this annealed region are comparable to those of a halogen-lamp annealed sample.
No redistribution of impurities due to transient diffusion is observed in the implant tail region. In
x-ray diffraction measurements, a high angle side satellite peak due to lattice strain was observed in
the crater and near crater regions of the athermally annealed sample in addition to the main Bragg
peak that corresponds to the pristine sample. This high angle side satellite peak is not observed in
regions away from the cratée=5 mm from the center of the crater in GgAs© 2003 American
Institute of Physics.[DOI: 10.1063/1.1576896

I. INTRODUCTION substrate material. Impurity diffusion during annealing is un-
desirable for submicron devices, and junction leakage cur-
lon implantation is the most widely used technique torents caused by the new annealing-created defects can limit
achieve selective area doping of compound semiconductotge performance of the ultrahigh-density, low-power inte-
like GaAs and InP:? This is because thermal dopant diffu- grated circuits required for mobile communications using
sion technology is either unreliable or not possible for thes&ompound semiconductors such as GaAs and InP. Surface
materials due to their low incongruent evaporation temperasuyblimation during annealing of these compound semicon-
ture. Although doping by ion implantation is an attractive ductors limits the maximum temperature that can be used for
alternative, this process introduces lattice damage and theptimum annealing and also requires the use of encapsulat-
implanted dopant atoms mostly occupy electrically inactiveing layers for surface protection, adding extra, possibly com-
interstitial lattice positions. Annealing is necessary after ionplicated, processing stepd.
implantation in order to remove lattice damage and to drive Recently, an athermal annealifdA) technique was
implanted dopant atoms into electrically active substitutionayemonstrated to anneal neutron-transmutation-doped
lattice sites. The donore.g., S and acceptor(e.g., M9  sjlicon®* and phosphorus- and boron-implanted sildn
dopants of interest in GaAs and InP do not contribute toyyer small regions. Annealing by this technique is faster than
electrical conduction when they reside in interstitial posi-thermal annealing and avoids the direct application of ther-
tions, which they normally assume in the as-implanted étatema| energy. In AA, high-power laser pulse radiation is fo-
At present, annealing of GaAs and InP is primarily per-cysed onto a small spot on an implanted semiconductor wa-
formed using thermal processes such as quartz-tube-furnagg; This can initiate a process which electrically activates
annealing or halogen-lamp rapid thermal annealiRJA).  implant dopants and removes implantation-induced lattice
The main problems with such thermal annealing techniqueaamage in regions far beyond the laser-iluminated spot,
include impurity diffusion during annealirfgthe creation of \yhere not much thermal energy heat is directly availdfile.

new types of defects, and incongruent evaporation of thes technique is different from conventional pulsed laser

annealing, in which a relatively low power density laser
¥Electronic mail: rmulpuri@gmu.edu pulse (focused to a few J/cf is used to heat and anneal
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areas of the wafer directly beneath the laser spot and is ras-
tered over the wafer surface to anneal the entire implanted
area. In the AA technique, a laser pulse focused to a much
higher intensity(~ a few kJ/c) at just one spot is expected
to anneal implanted regions far away from the spot. In this
case, annealing is not due to bulk heating because the laser
pulse focused onto a small spot does not have sufficient en-
ergy to heat regions far away significantly. Variation of the
temperature with the radial distance and time has been esti-
mated using the classical Landau and Lifshitz mddgsing
the physical constants of GaAs and the equation
T(r,t)a(xt) " Y2exp(=r?4yt), whereT, r andt are the tem-
perature, distance and time, respectively, and«/pc, is
the thermal conductivity divided by the density and specific
heat at constant pressure, we found that the temperature de-
creases by at least three orders of magnitude 1 mm from the
illuminated spot. The validity of this equation has been ex-
perimentally verified for Si by Gruet al® using an array of
photoresist rectangular line patterns on a Si wafer subjected
to pulsed laser radiation. According to the experimental re-
sults, the temperature falls rapidly with the distance and
hence no significant heating is expected outside the illumi-
nated spot. The optical energy is absorbed by plasma above
the sample surface. When the plasma gets very hot it ex-
pands precipitously and generates recoil pressure, which
drives shock and sound waves into the regions surrounding
the laser-exposed spbt. (b)
. In this work, S|I|con-|mplar_1ted GaA_S and InP were _SUb- FIG. 1. Photo/micrograph of a Si-implanted GaAs sample after irradiation
jected to the athermal annealing technique to explore its pQg;iy a laser pulse.
tential use in annealing implanted I11-V compound semicon-
ductors for use in high-frequency and optoelectronic devices.
The annealed material is characterized for its electrical, impoint probe sheet resistance and capacitance—vol@g®/)
plant thermal stability and lattice perfection characteristics. profiling measurements. The thermal stability of the implant
profile in the annealed material was evaluated by secondary-
ion-mass spectrometr{fSIMS) measurements using a 14.5
keV Cs' net impact energy primary beam. Lattice perfection
Multiple-energy (30-350 keV silicon ions were im- Was evaluated by comparing the high-resolution x-ray dif-
planted into semi-insulating GaAs and InP substrates at roorfi@ction data on pristine, as-implanted, and AA samples.
temperature to obtain uniformly doped box profiles-ed.4  High resolution x-ray diffraction scans were obtained with a
um depth at concentrations ofx110*°, 5x 10" and 5 Huber four-circle diffractometer system using true KCa;
X107 em™3 for GaAs and X 10 and 5x107cm™3 for  radiation from a rotating anode x-ray generator operated at
InP. Silicon predominantly acts as amtype impurity in 50 kV and 200 mA. The resolution of the setupA¢26)
GaAs and InP. These concentrations represent typical doping0-001°. Direct beam data collection indicated that the con-
concentrations used for source/drain and channel regions &nt of CuKa, was<10"*.
field-effect transistors and the crystal is not amorphized at
these doping concentrations. For athermal annealing, the w@{. RESULTS AND DISCUSSION
fers were subjected to a single 1.06n wavelength laser
pulse of ~4J energy and, 35 ns duration, focused ontd
mm diam spot in a vacuum chamber. The samples were titled An optical micrograph of the laser-pulse exposed region
approximately 15° from the normal direction toward the la-and of the surrounding annealed area is shown in Fig. 1 for
ser beam pulse. This helps to prevent the samples fror8i-implanted GaAs. A crater formed at the center of the ex-
cracking. For comparison, 950 and 875°C/10 s halogenposed spot as a result of pressure from the hot plasma pro-
lamp RTA was performed on the implanted GaAs and InRduced by the high-intensity pulsed laser radiation. The crater
samples, respectively. To protect the sample surface during surrounded by an athermally annealed ring-shaped zone
RTA, a 50 nm thick SiN, cap was used for both GaAs and (called the AA inner ring hereaftewith an outer diameter of
InP. ~8 mm, which is surrounded by a partially athermally an-
Electrical characteristics of the annealed material wereealed ring-shaped regidicalled the partial AA outer ring
evaluated along the diameter of the circular annealed regiohereafter with an outer diameter of16 mm. Annealing was
surrounding the laser-irradiated spot by performing four-observed in a circular area8 mm in diameter centered on

Il. EXPERIMENT

A. Surface morphology
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color was also seen in implanted InP irradiated by pulsed o o _ _

laser radiation. This implies that a high-ener laser puls FIG. 3. Variation in resistivity along the diameter of the circularly annealed
: P ; 9 ay PUIS& ea in(a@ 1x10°cm 2 Si-implanted GaAs andb) 2x10°cm™3 Si-

focused onto a small spot on an implanted GaAs or InP crySmpianted InP.

tal can remove lattice damage induced by the implantation

process in regions outside the laser illuminated spot where

no heat was directly applied. circularly annealed regionin heavily doped GaAs and InP,

_ both four-point probe and van der Pauw—Hall techniques
B. SIMS depth profiles yielded similar electrical resistivity values. Electrical resis-

SIMS depth profiles of implanted Si in InP and after tivity, which is inversely proportional to the product of the
pulsed laser radiation athermal annealing are shown in Figcarrier concentration and carrier mobility, is a useful quantity
2. The implant depth profile obtained in the AA inner ring With which to characterize ion-implanted semiconductors.
surrounding the crater is very similar to the profile in the/Annealing is supposed to drive implanted dopant atoms into
as-implanted sample. Similar stable implant depth profilesubstitutional lattice sites and result in a high carrier concen-
characteristics were also observed in GaAs crystals. Thiation. Annealing also results in lattice damage removal and
clearly suggests the ability of the athermal annealing techconsequently high carrier mobility’ Hence, in an implanted
nique to contain transient enhanced diffusion normally ob-Semiconductor crystal, effective annealing results in a high
served in the implant profile tail region of a conventional Carrier concentration and high carrier mobility and conse-
thermally annealed sample. This feature makes pulsed lasgkently low resistivity. In addition, conventional annealing

radiation athermal annealing attractive for making small di-may also introduce new defect centers in Ill-V compound
mensional GaAs and InP devices. semiconductor$. Variation of electrical resistivity with the

position from the center along the diameter of the circularly
annealed area is shown in Fig(aB for the GaAs crystal
implanted with 1x 10'°cm™2 Si, and in Fig. 8b) for the InP
Electrical characteristics of the implanted/annealeccrystal implanted with X 10°cm™2 Si. In the GaAs crystal,
GaAs and InP were evaluated by performing four-pointthe variation in resistivity along the diameter of the circularly
probe measurements on heavily doped5(x 10¥cm™?) annealed region resembles a “W” with more effective Si
samples. It is well known that at these high doping concendonor activation taking place in the AA ring-shaped zone
trations, the Schottky barrier height artype GaAs and InP  surrounding the crater. The minimum resistivity measured at
is low and hence the error in resistivity measurements using radial distance of 2—3 mm from the center of the crater in
the four-point probe technique is minimal. To obtain goodthe AA inner ring zone in GaAs is-1.2x 10 3 Q cm, which
spatial resolution, the four-point probes were placed in a conelosely matches resistivity of 1.3x 10”2 Q cm measured in
figuration normal to the diameter of the circularly annealeda GaAs crystal subjected to halogen-lamp RTA at 950 °C for
region (i.e., in the direction parallel to the tangent of the 10 s. At distance=3 mm from the center of the crater, the

C. Electrical characteristics
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resistivity increased two orders of magnitude, signifying in-tivation of an amphoteric impurity like Si can be different in
adequate annealing in the partial AA outer ring region surthe crater and AA inner ring areas, depending on the Si im-
rounding the dark-colored AA inner ring zone. A similar plant concentration. Forx10°cm 3 Si in GaAs, the am-
minimum resistivity value in the AA inner ring zone was photeric incorporation of Si in lattice sites may occur at a
observed in GaAs implanted with>x5108cm ™2 Si. higher level in the crater region compared to in the dark-

It is well known that there is minimal benefit in increas- colored AA inner ring region and result in a lower net donor
ing the implanted Si doping concentration aboveconcentration and consequently higher resistivity in the cra-
mid-10"¥cm ™2 ranges to obtain low sheet resistance becauster region. X-ray diffraction measurements indicate more re-
it does not result in an increase in net electronsidual implant damage in the crater region compared to in
concentratiorf:} The net maximum substitutional donor the AA inner ring area, which is expected to result in low
concentration measured y-V profiling of Au Schottky  carrier mobility and consequently in high resistivity. Since
diodes formed on %10®cm 2 Si ion-implanted GaAs the laser induced melted zone is splat quenched, the lattice
athermally annealed by a laser pulse is 20*cm™3, which ~ does not relax fully in the crater region. Hence, remanent
is the same as the value measured in the halogen-lamp RT@ompressive stress is observed in the crater region. For
material. In GaAs, the net donor concentration remains aGaAs, the degree of amphoteric behavior of implanted Si in
~2x10"®cm™2 even for higher Si implant concentratiohs. the crater region is also a function of the Si concentration.

As shown in Fig. &), the variation in resistivity in 2  For the 5% 10" cm ™2 Si implant, the measured resistivity in
x 10*cm™2 Si-implanted InP along the diameter of the cir- the crater region is similar to the value measured in the sur-
cularly annealed area is “U” shaped with a minimum resis-rounding AA inner ring area. It is known that in GaAs epi-
tivity of ~2x10"4€Q cm outside the crater, which is close taxial films grown from a liquid-phase melt, the degree of
to the value of 3.%10 4Q cm measured in 875°C/10 s amphoteric doping behavior of Si is a function of the Si
halogen-lamp annealed InP. In the InP crystal, effective andoping concentration, with more amphoteric behavior occur-
nealing occurred at distances farther from the exposed spénd at high Si doping concentratiofis.
compared to the GaAs crystal for the same annealing condi- The amphoteric behavior of Si in InP is minimal com-
tions. This could be due to differences in the material parampared to in GaAs:****In InP, as shown in Fig. ®), the
eters. At distances-6 mm from the center of the crater, the Mmeasured resistivity in the crater is lower compared to that of
measured resistivity is about three orders magnitude greatéipe surrounding ring region. This probably is due to higher
than the minimum value close to the center of the crater. Thi§arrier mobility in the crater region compared to that in the
signifies inadequate annealing outside the dark-colored ringA inner ring region.
region(similar to that shown in Fig.)1In InP, the minimum ) _ N
resistivity measured in heavily doped material is almost arP- X-ray diffraction results on Si-implanted GaAs and
order of magnitude less than that of GaAs, due to higher nef'P
substitutional donor activation of implanted Si in InP com- High resolution x-ray diffraction measurements were
pared to that in GaAS. made of St -implanted GaA€01) and InR001) using(004)

In both GaAs and InP, the resistivity measured in thereflection before and after laser shock. In the case of GaAs
crater region is different from the values measured in the AAsamples, one peak corresponding to pristine Ga@# at a
inner ring zone surrounding the crater. As shown in Fig. 3,26 angle of 66.048° with a lattice parameter of 5.6533 A was
for 1x10"%cm 2 Si-implanted GaAs, the resistivity in the observed before and after AA in the implanted saniplet
crater region is higher compared to the values in the AAshown. For the as-implanted GaAs, an additional satellite
inner ring area, whereas for10°cm™2 Si-implanted InP  peak is observed at 65.75° that corresponds to an expanded
the resistivity in the crater region is lower compared to thelattice parameter of 5.6807 A. The implantation displaces Ga
values in AA inner ring area. The difference in resistivity and As atoms from their equilibrium positions and the im-
values in these two regions is due to differences in the anplant occupies interstitial positions in the GaAs, causing the
nealing mechanisms of these two regions. In the area irradlattice to expand and resulting in this low angle satellite
ated by pulsed laser radiation the semiconductor wafer hgseak. Upon laser pulse irradiation, this low angle satellite
melted in the exposed surface region and then epitaxiallpeak in the Si-implanted GaAs disappears and a new satellite
regrown on the unmelted bottom part of the crystal. Thepeak appears at the high angle siie the crater and near
dark-colored AA inner ring area surrounding the crater is notcrater AA regions The low angle and the high angle satellite
melted and annealing in this area has taken place as a respkaks are distinct and are generated by different types of
of the propagation of mechanical energy generated by thdefects. When the x-ray scans were taken far from the crater
plasma formed in the laser crater region irradiated by pulsedegion toward the center of the crater region the satellite peak
laser radiation. Thus, annealing in the AA inner ring area hashifted from the low angle side of the pristine GaAs peak to
taken place in the solid phagwithout the material assum- the high angle sid& At the center of the crater region, the
ing, a liquid state during annealihgas in the case of peak moved to 2=66.250°, corresponding to a lattice pa-
halogen-lamp rapid thermal annealing. Due to this similarityrameter of 5.6427 A. The strain was maximal at the center of
in the annealing mechanisms, the electrical resistivity of thehe crater region and showed a gradual reduction up to 4 mm
AA inner ring area is almost same as that in halogen-lamgrom its center. Thus, the effective annealed region due to
RTA material. But due to the fundamental difference in theAA was limited to only a radius of~4 mm, which roughly
annealing mechanisms of the two regions, the net donor a@grees with the electrical resistivity data presented in Fig.
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:P'((-mi/ ' " T annealing that is sufficient to repair part of the lattice damage
63.509" but not enough to activate the implanted dopant effectively
_ Shock-center has taken place at regions far from the laser spot center.
‘E Commercial application of the laser-pulse athermal an-
i. ’J 63.495" nealing technique demands the propagation of mechanical
= Shock-extrente energy over the entire wafer by exposing the center of the
= wafer to a high-energy laser pulse. In this study, effective
% RTA annealing is observed only in regions several mm from the
E laser spot. Optimization of this annealing technique to
achieve effective annealing of implant damage and effective
63.356"/ Implanted implant electrical activation at locations several centimeters
away from the pulsed laser irradiation spot is being investi-
. ' . : . gated.
63.2 63.4 63.6
20 (Degrees)
) ) ) ) . _ IV. SUMMARY
FIG. 4. High resolution x-ray diffraction scans of pristine InP and Si-
implanted InP before and after laser-pulse athermal annealing. Athermal annealing of implanted GaAs and InP is pos-

sible by exposing the implanted face of the crystal to a high-
) _ . energy laser pulse focused onto a2 mm diam spot. The
3(a). The presence of residual compressive strain was COI§5qer energy is absorbed by plasma above the sample surface.
lated with the reduction in resistivity for the same region. In\yhen the plasma gets very hot, it expands rapidly, generat-
the case of the RTA sample, the satellite peak was not ol hackpressure which launches mechanical energy into the

served, indicating that the damage induced by Si implantazeqions surrounding the laser exposed spot. This mechanical

.tion was annealeq out and that the Si goes substitutionallgnergy anneals implantation-induced lattice damage and

into the GaAs lattice. _ drives the implant into the electrically active substitutional
In contrast to the GaAs sample, the as-implanted INRyyice sites at locations away from the irradiated spot, al-

sample in Fig. 4 shows only one peak #-=256.356° corre- 1 this annealing effect is reduced at distances farther

sponding to PfiS“”e InR04). HOV\_/ever, the _AA sample from the irradiated spot. For a laser pulse~of J energy and
shows an additional peak on the high angle side of the main_zg g gyration, the annealed unexposed area is limited to

peak. This additional peak was observed far from the cratef,, _g_12 mm outer diam fing-shaped zone surrounding the
region as well as in the crater region. The position of th

. s Cexposed 2 mm diam spot. No redistribution of the implant is
peak changed from 2-63.495° to 63.509° because the ghqerved at the implant tail in the athermally annealed re-
scans were measured far from the crater region to the centgf,, - Ejectrical resistivities measured on the athermal an-

of the crater region. In the case of the RTA sample of INP oo/ region for X 109cm™3 Si-implanted GaAs are-1

only one peak at an angle 0f§263.356° was observed . 10-3 () cm, which are similar to the values measured in

which coincided with the position of a pristine InP sample. 4,4 halogen-lamp rapid thermally annealed material. For the
annealing conditions used in this study, although substitu-

E. Discussion tional lattice recovery took place, a satellite peak in the x-ray

The laser intensity in the irradiated spot is sufficientlyd'ﬁrlacélc;]r.] rgu(ejasuresm.ent? 'St oc?ser\;ed. Iln the athedrr‘?al!y ?r? A

high (>100 J/cr) to produce hot plasma that streams away So co N'gN-00Se Skmplanted matenal compared to in the
pristine material, indicating the presence of some residual

from the irradiated spot at high velocity, thereby launching; lant d Obtimizati fthe | s
multimode acoustical stress waves and shock waves into tHa P/a '+ damage. Dptimization ot the faser power, Spot size
and pulse duration may cause more effective annealing at

3,8,15-17 . . . .
\Fl)vli;ega laser ;Paziga:;e;s%?fg?qz :jsurr;?ira;%girdl:)rzgn;f;: (; " gistances much farther from the irradiated spot than what
laser irradiations, the plasma expansion becomes three diras observed in this study.
mensional at distances comparable to the laser spot diameter.
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