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Pu]sed Electron Beam Induced Recrysta111zat1on
and Damage in GaAs

J.L. Tandon
Rockwe11 International Electronics Research Center
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"I, Golecki and M-A Nrco]et
Ca]lforn1a Institute of Technology
Pasadena, California 91125
D.K. Sadana and J. Washburn

Lawrence Berkeley Laboratory, University of Ca11f0rn1a
Berke]ey, Ca11forn1a 94720

'ABSTRA_CT |

S1ng]e pulse e]ectron beam 1rrad1at1ons of 300 KeV 1015 Kr /cm or 300
KeV 3x1012 se’ /cm 1mp]anted 1ayers in unencapsu]ated <100> GaAs are studied
- as a funct1on of the e]ectron beam fluence. The e]ectron beam pu]se had a
 mean e]ectron energy of-—ZO KeV and a time duratfon‘of'=10'7s. Analyses by
:means 6f MeV He+ channeliﬁé; optical mic}bscopy and TEM show the exiStence |
of narrow fluence window (0 4-0.7 J/cmz) w1th1n whlch amorphous layers can
~ be successfu11y recrysta1]1zed presumab]y in the liquid phase reg1me aToo

high a.fluence produces extens1ve deep damage and loss of AS:
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~ Thermal ahnea]ing of GaAs to remove heavy ion imp]ahtatipn damage and
to electrically acfivate dopants is typ?ca]1y~done at temperatures_>800°C;
"In order to prevent escape of As ahd precipitation of Ga, the GaAs surface
must he protected by‘an inert encapsulant such as Si3N, or Si02. However,
no one encapsulant is suitable for all phocesses.] Another approach is to
provide a suitable ambient pressure of As and Ga during annealing, but this
methodhhas not yet been fully optimfzed;Z An attractive a]ternat1ve is. to

use transient annealing as in the case of 51.3_ 47

_Several reeent stud1es
have indicated that laser annealing cah indeed be used for'removihg damage
in 1mp1anted amorphous GaAs layers, and for placing the implanted species.
~into substitutional sites,‘,The use of a pulsed electron beam to achieve
comparable results has recently been'reported.8 For a 300 keV, f0155e+/cm2
implantation, the measured free'electron concenfration achieved by transient
.ahnealing Was higher than that obtained after fuhhance annealing,‘but the
! mobi]it} was lower. LOW’dOSe (<101“sec /cmz) imp]antetiohs, homever, did
not show any measurable e1ectr1ca1act1v1ty after transient annea11ng - This
paper compares the results of puised electron beam irradiation of‘h1gh_dose
and low dose implanted 1eyers in GaAs. The layers were.charactehized by He®
Rutherford-backscettering/channel1ng Specfrometry, optfcai microscopy and
transmission e]eetronbmicroscopy (TEM). _'
Semi-insu]ating, Cr-doped GaAs samples of <100> orientation were implan-

tad.at room temperature with 300 keV Kr' ions towathjgh)-dQse Qf_lQifcm'iLQE,e
with 300 keV Se’ jons to a (low) dose of 3x10*%cm™?.  The <100> axis of

the samples was offset by ~7° with respect to the beam dur1ng 1mp1antat1on

T T ey

The unencapsu]ated samples were 1rrad1ated w1th a pu]sed e]ectron beam in
vacuum (Sp1re Corp , Bedford, MA 01730). The mean electron energy was NZQ
vkeV, and the pulse durat1on was n1077s 9 Channe]ing measurements were taken

by using a 2.4 MeV He beam incident on samples over areas typ1ca11y lmm X
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X 2mm. TEM studies were performed on the same Samples in “plan" view.

Results of channe11ng analysis, opt1ca1 microscopy: and TEM are given

in F1gs; 1 to 6. The unirradiated, high dose Kr tmplantedrsample had a

22003 thick'amporpHOus surface'layer (ng %), The As/Ga ratio at the

surface obta1ned from the random backscatter1ng spectrum, was c]ose to

un1ty, and the surface was opt1ca11y feature]ess (F1q 2}. TEM p1an view

showed the damage as a feature]ess structure (F1g 3),‘and the,transmjss1on .
electron diffraction (TED) pattern confirmed the existence of the amorphous

layer (Fig. 3). After a pulsed electron irradiation of 0.4 J/cm?, the

f aiigned spectrum was the same as'beforehirradfatfon (ftg 1),hand the
'surface rema1ned opt1ca11y c1ean (Pig. . 2). However, TEM resu]ts showed
f that the layer now had a gra1ny structure with mean gra1n size ~1000R
| (Fig. '3)1 The TED pattern 1nd1cated the existence of a po]ycrysta111ne
‘h‘ 1ayer (Fig. 3).v After a 0 7 J9/cm® 1rrad1at1on the channe11ng y1e1d at
.,’, the surface, Xo had dropped from 1 .00 and 0. 11 (F1g _),‘1nd1cat1n0 rather -
) ,‘good crysta111ne qua11ty Compars1on with. the a11gned spectrum for a v1rg1n>v-

crystal (1.e., unlmplanted and unTrradTated), for'wh1chvx0 = 0.04 in the set-

up used in this work, showed_that some-disorder»was present,after a 0.7 J/cm?

pulse. The surfacevof‘the irradiated-samp1e.wasafound to be Ga rich (As/Ga. -

‘f =0.8). 0ptica1 microscopy (Fig -2) shoWed the incipient’formation'of faint

surface b]em1shes and TEM {Fig. 3) indicated the existence of d1s1ocat1on '

: ]1nes and gray patches in. the regrown. 1ayer TED indicated that the-]ayer

was now a s1ng]e crysta] (Fig. 3). At a still h1gher e]ectron fluence of -
1 1 J/cm , the surface channe11ng y1e1d was. 0. 17 ‘and a h1gher dechanne11ng

rate 1nd1cated the - presence of extended defects down to a depth greater than

-1um, The As/Ga rat1o at the surface was =0, 8 0pt1ca1 microscopy revealed

defects at the surface that had def1n1t1ve geometr]cal patterns superinposed.



withmicrocracks (Fig. 2). TEM showed a high densfty~of dislocations and

thevpresence of microcracks. TED fndicated the material was still a single

crystal. To summarize the oBservatiohs of electron beam pulsed annealing

- of high dose (10*°cm™?) ket implanted in GaAs, it Wésvnoted fhat at low
enerqy dehsity'(0:4 J/cm?), the recrystallization of - the amorphous Tayer
gave rise to the formation of polycrystalline matefia]i E]ectronvirfadiation
pulsing of‘0.7 J/cm? or higher resulted in singTe_cbystalline layers with |
1ncreasiﬁg]y higher density of disTocationé.'-The optimum energy‘density

~ for successful recrystallization seems to 1ie between 0.4 and 0.7 J/-'cm2

for the pu1sed'e1ectron beam parameters chosen.

Figures4 to 6 show the results of measurements performed on the Tow dose

' (321012cm'?) set implanted and pulsed electron beam irradiation samp]es,'

Both the unirradiated and the 0.4 J/cm2 irradiated samples exhibited a Xd -

value of 0.05, almost as.gobd as a perféct sinale crystal (Fig. 4).‘ The

surfaces were optically Feature]éss (Fig. 5), and the surface composition

was stoichiometric. Howevér,'TEM examination (Fig. 6) of the 0.4 J/cm?

irradiated sample revealed the existence of disordered zones (gfay patches)
10

with some probable Ga precipitates (black dots). After a 0.7 J/cm?.

pu]sevirrédiatibn, X increased to 0.07, the channeled spectrum was found

to be we11 above that for the unirradiated sample, and the'surface As/Ga wag'
0.75.  Optical inspection (Fig; 5) showed the presence.of.defecté on the |
surface of <lum diameter, with a density of 100-150/1000um?, forming

hexagonal and other patterns. TEM analysis  (Fig. 6 ) revealed Ga rich

regions (black patches and dots) aﬁd~the¢irfadiated layer was found'to ‘

possess‘dis1ocatjon lines and stacking'faults.L.TED-showed that the Tayer

was still single crystalline. At an'electron'fluence of_].] J/cm?, %o

Land
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'reached_0.31 (Fig. 4), and the shape of the channeled spectrum-indicated'
‘a heavily disordered structure The As/Ga ratio at the surface was ~0.7.
Large, rectangu]ar, 40x60pm surface cracks were seen under the microscope
in add1t1on to the same defects observed after 0 7 J/cm 1rrad1at10n (Fig.
B). These cracks which were probab]y due to therma] stress produced by =
‘.the rapid temperature change, occurred along the cleavage planes in the
~crystal. A TEM micrograph for this Sample}(Fig. 65)‘exhibited.a,dense
distCation network, 'probably arising from the'same highftherma1,stresses
’that caused cracks in the crysta] | o |

In summary, the recrysta111zat1on and annea11ng of 1mp1anted GaAs_
layers by a pulsed electron beam can be interpreted as occurr1ng v1a 11qu1d
phase regrowth; A f1rst’ev1dence is by the existence of,a threshold for
the annealing of amOrphous 1ayers ~ For the electron beam parameters chosen;
the annea11ng thresho]d ]1es between 0.4 and 0. 7 J/cm? for a 2200A amorphous
layer created by a room temperature 300 KeV 10 5em~2 ke implantation. Below
the threshold, at 0.4 J/cm?, it appears that the e]ectron beam pu]se 1nduces
‘: melting of the amorphous - layer, but the melt depth does not penetrate the’
ent1re 2200A of the amorphous layer, thus 1ead1ng to po]ycrysta111ne regrowthd
on an under1y1ng heavily damaged layer. Above the.thresho]d, melting of the
entire amorphous layer takes place, Teading to epitaxia1-regrowth on single
crysta]]dne sUBstrate Thése observations are in agreement with analogous

n-13. Crysta111ne (or s11ght1y

"}stud1es performed on laser-annealed samp]es
damaged) layers 1rrad1ated w1th an electron. beam pulse of 0.4 J/cm or h1gher
' possess lattice defects, and no measurab]e e1ectr1ca] act1vat1on of . the im-
planted: spec1es (3x1012$e /cm in the present case) is observed, in contrast
to capped therma] annea11ng where - good act1v1at1on (>60%) is ach1eved ]4

It 1s 1nterest1ng to note that " e]ectron beam pu]s1ng at a f]uence of



-6-

0.7 J/cm? produces more‘damage 1h the high dose, amorphous iﬁp]énted layer
than in ihe Tow d6Se case, as seen in the respective channeling spectra.

This effect can be explaihedvas follows. The'absorption of energy deposited
by the e]ectron beam is notAeXpected to depend signifiﬁantly on the micro-
strUcthé of the material. However,.the thermal prbhefties of the 1ayers, 
name1y the'1ateht heat of fusion'énd the melting tempefature, which control ”
the melt debth,and thé dufation for which the layer reméins mo]teh, may be

different in the two cases. A simi]ar'dependence for electron beam:

'frradiation of implanted layers in Sf has been pv'ev'ious]yc)_bseirved.]5 Amorphous

or heaVi]y damaged layers w6u1d have a.iower'heat of fusion than crystai]ine
material. - Thus, for equal electron beam fluence, an amorphous 1ayer,wou1d'

melt deepek and stay molten 1onger than abcrysta111ne.1ayer._ Observations =

indicate a significant Toss of As at the surface after a 0.7 J/cm? pulse

7 the regrowth would

jrradiation. Thus, as already pointed out by‘Tsu'et. al.,
:.take place from a Ga-rich-Tiquid, which may -account for some of the d{sorder,
’These effects are ‘even moré.ﬁrondunced for 1:1 J/cm2 irradiations..'It would
appéarvthat a judicious chofce of_e]ectron beam parameters (such.as fluence,
pulse 1éngth; and ehergy;distribution) could be found which on]d optfmize
the ahnea]iﬁg.process:in_GéAs, | |
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FIGURE CAPTIONS

"Energy spectra of 2.4 MeV “He' . ions backscattered from-<100>

GaAs, implanted at room temperature with 3OOerV11015Kr+/cm2,
before and after single-pulse é]ectfon beam 1rradiatidns at v
the 1ndicated fluences. The random spectrum is for the as-
implanted (unirradiafed) sample. The aligned spectrum from

a vifgin samp]ev(unimplénted and unirkadiated) is ghown for
comparison. The Kr signal is too small to be observed in all

cases. . | o | | |

Optical micrographs for the same samples as in Fig. 1.

TEM Micrograbhs for the'same samples as in Fig. 1.

Energy épectra of 2.4 MeV “He+ 16ns baékscattered from <100>

Ga/As, implanted At’room temperature with 300 KeV,‘3x1O12 : ,

Se+/cm2,-bef0re and after single-pulse electron beam

irradiations at_the indicated fluences. The,réndom spec-

trum is for the.as-implanted (unirradiated) sample. The .

spectrum for a virgin sample (unimplanted and unirradiated)

cannot bé~distinguished from the one for the as-impTanted
samp]e_dn this scale. The Se signal is too small to be
observed in all cases. o _ . |

_ (-
Optical micrographs for the same samples as in Fig. 2.

TEM micrographs for the same sémp]es‘&s in Fig. 2.
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Kr —=GaAs, R. T., 300 keV, 1 x 107° ¢cm2 ELECTRON
BEAM ANNEAL, NO ENCAPSULANT

SC79-4284

NO ANNEAL

0.67 J/em?2 1.05 J/em?
20um

' : XBB 799 11889

Fig. 2



ELECTRON BEAM
As Implanted

s

ANNEALING OF Kr™ IMPLANTED GaAs
0.42 J/cm?

XBB 796 7672
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Se—>GaAs, R. T., 300 keV, 3 x 1072 ¢cm2 ELECTRON
BEAM ANNEAL, NO ENCAPSULANT

NO ANNEAL

0.67 J/cm? 1.05 J/cm?2

Fig., 5

SC79-4283

XBB 799 11890



ELECTRON BEAM
As Implanted

ANNEALING OF Se* IMPLANTED GaAs
0.42 J/cm?
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