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Thermal stability of the electrical isolation in n-type gallium arsenide layers
irradiated with H, He, and B ions

J. P. de Souza,? I. Danilov, and H. Boudinov
Instituto de Fsica, UFRGS, 91501-970 Porto Alegre, R.S., Brazil

(Received 10 April 1996; accepted for publication 9 September )1996

The stability of the electrical isolation in-type GaAs layers irradiated with ions of different mass
is compared. The irradiations were performed with proper dosésiof “He", or *'B* ions to
create specific damage concentration level which leadilathe trapping of practically all the
carriers(Re~10® Q/0J), (ii) the onset of hopping conductigRs~10° /1), and(iii) a significant
hopping conductionR, ~1° Q/00). Irrespectively of the ion mass, the temperature range for
which the isolation is preserved, i.e.sRL0P /01, extends up to 200 or 600 °C, respectively,
for the casegi) and (ii). In case(iii), this range comprises temperatures frem400 to 650 °C.
Annealing stages at 200 and 400 °C recover in a great extent the conductivity and improve the
carrier mobility in low dose irradiated samplésase(i)]. In samples irradiated to higher doses
[cases(ii) and (iii)], the conductivity recovers in a single stage. 1©96 American Institute of
Physics[S0021-89786)04324-1

I. INTRODUCTION implanted chemical impurities. In a previous publicatfon,
we proposed that antisite defects created by the replacement

_ lon implantation is an essential process for the productjisions and/or their related defect complexes constitute the
tion of modern devices and integrated circyls) in Si and carrier trapping centers.

compound semiconductor technologies. In the case of 1lI-V Although the implantation for isolation is currently used

compound semiconductor, there are two important applicay, Gaas |C<8 and discrete deviéd® technologies a system-

tions. The first is the implantation of dopants to establishyyic stydy of the dependence of the thermal stability with the
propern- or p-type conductivity. The second is the implan- jo, mass and ion dose is still missing in the literature. Fur-
tation of ions like H', He", B”, O, etc., to convert a doped armore, the physical processes involved with the isolation

layer to a highly resistive one. This latter application iS¢y mation and its thermal stability are not yet completely
called implantation induced isolation or isolation by ion ,,\qarstood.

. . . l B -
irradiation: In complex GaAs ICs, the backgating effectis of g thermal stabilities after irradiation with different ion

greaF concern to IC designers_ becau;e of t_he associated difiss were compared in previous publicatibisThe pub-
ficulties imposed to the IC design. This detrimental phenoMyisheq data, regarding sheet resistance after annealing of
enon c0n5|sts_ in Fhe electrlcal_ interaction b_etween nelghbqq+' B*, and O irradiated samples, suggest that the thermal
devices resulting in the reduction of the drain-to-source Curgiapijity increases with the increasing of the ion mass. How-
rent in field effect transistors by the negative biasing of agyer, yncertainties in the as-irradiated damage concentration

closely spacedi-type contact. It is known that the ion ira-  ,fier the different mass ion implants certainly preclude that a
diation of the semi-insulatingS|) regions between neighbor o rejation between the thermal stability and the ion mass
devices greatly minimizes the backgating effétt. could be established.

The irradiation is performed with an ion penetration |, the present work, the thermal stability of the electrical

depth larger than that of doped layer to be isolated. For simyation of n-type layers after irradiations withtH",

plicity and easy control light ions are preferred, since pen4yot 4ndlB* is systematically studied. The samples were
etration depth up to few microns can be attained with thg. o iated to create similar damage concentration using ions
currently available energies of the industrial implanters. Freq¢ yitferent masses. The results show that the thermal stabil-

quently, the dose is chosen high enough such tg?ét conductiq, of the isolation depends primarily on the irradiation dam-
via_hopping between nearby defects is establish@ost- 446 concentration. The ion mass has only a marginal impor-
irradiation annealing conducted at typically 300-500 °C isiznce in the thermal stability behavior.

then required to suppress the hopping conduction and in-
crease the Rfrom an initial value of~10°—10° Q/0 to
above 16 /0. The isolation is stable up to the temperature!l. EXPERIMENT

at which most of the irradiation damage anneals out and in Semi-insulated liquid-encapsulated crystaEC) GaAs
the best cases reache$00 °C. Typically, the isolation is \yaters of(100) orientation were cleaned with organic sol-
the last step in the front-end-of-the-line processing in virtue,ents and etched to a depth of #m in a solution of
of its relatively poor thermal stability. NH,4(OH) : H,0, : H,0 (3:1:30 vol). The wafers were im-
The isolation results from carrier trapping at deep e”erg%lanted With4’SiF* or 29Si* to a dose of 5.8 103 cm™ 2 at

levels, associated either to the irradiation damage or specifigg o 30 kev respectively. The electrical activation of the
implanted Si was performed by capld& proximity) rapid
dElectronic mail: souz@if.ufrgs.br thermal annealingRTA) at 850 °C for 10 s. The thickness of
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FIG. 2. Trim code simulated profile of the replacement collision concentra-
tion in GaAs irradiated with 50 keV H. Slab | contains the doped layer,
slab Il comprises the peak of the damage distribution, and slab Il is formed
by the underneath Sl substrate.

FIG. 1. Sheet resistances Rcurve (1)] and sheet carrier concentration n
[curve(2)] in GaAs sample versuH™ irradiation dose, at the energy of 50
keV.

the n-doped Iaye_zr, measured by secondary-ion-mass speg; RESULTS AND DISCUSSION

troscopy(SIMS), is 0.2 um (at 1.0< 10'® cm™~2 level). Two

types of devices were prepared: resistors &63mn? rect- Curve (1) in Fig. 1 presents the Rrersus the accumu-
angular shape and>&5 mn? Van der Pauw device.The lated H™ dose in a resistor. At the beginning of the irradia-
ohmic contacts to the samples were formed by In applied tdion (dose <4x 102 cm™2), R, increases slowly with the
the GaAs surface and alloyed-at200 °C for 2 min. Typical accumulation of the dose. However, for doses above
sheet resistances of 330 or 480 were measured respec- ~ 1Xx 10" cm 2 a sudden variation of Ris observed. R
tively in the 2°Si* or 4/SiF" implanted samples. The effec- increases about five orders of magnitude when theddse
tive Hall mobility of the carriers ) are in the range of varied from 1x 10" to 4x 10" cm™2. The increase of R

1800-2000 crfiV s. occurs in consequence of a progressive removal of the carri-
The ion irradiations were performed at nominal roomers and mobility degradation.
temperature with doses in the range ok 10'* cm 2 to Curve (2) in Fig. 1 presents thegnvalues evaluated in

5x 10" cm 2 of *H" at 50 keV,*He" at 80 keV, and irradiated Van der Pauw devices. The originaldRthe Van
1B+ at 150 keV. The ion current density was maintained inder Pauw devices is identical to that in the resistor used to
the range of 0.1-0.3uA/cm?. The estimated projected obtain curve(l) of Fig. 1. The decreasing ofsiwith the
ranges® are 0.39, 0.39, and 0.3Bm, respectively for H, accumulation of the irradiation dose is a clear evidence of
He", and B’ ions. The In contact layers formed mask which carrier removal, via capture at the trapping centers. The ef-
prevented the irradiation of the underneath GaAs. fective Hall mobility («) deteriorates in consequence of the

Another set of samples was irradiated before formatiorion irradiation. It varied from an initial value of 1800 to 150
of the In contacts. In these samples, the areas reserved fon?/V s after a dose of & 10'3 cm™2 has been accumulated.
ohmic contact were covered with an aluminum foil duringWhen R reaches the % 10° Q/0, practically all carriers
ion irradiation. were captured by the traps.

All the implantations were performed with the sample It was previously demonstrated that the integrated num-
surface normal tilted by 7° in respect to the beam incidencéer of replacement collisions along the depth of the doped
direction to minimize ion channeling effect. layer after irradiation to the dose which convert the conduc-

The irradiated samples were submitted to thermal antive layer to a highly resistive one, is of the same order of
nealing steps for 300 s in the temperature range from 100 tmagnitude of the original sheet carrier concentration.

700 °C in Ar atmosphere. From 100 to 500 °C the annealing  Further accumulation of the dose does not lead to modi-
steps were accumulated in samples which have the In corication of the R. A plateau forms in curve(l) with
tacts formed prior to the irradiation process. At higher tem-Re~10° /1. This plateau is succeeded by a decreasing of
peratures, the samples were annealed with the irradiated fagg with the increase of the dose. This damage-related con-
in close proximity with the Si susceptor. Subsequently, the Irduction is attributed to carrier transport via hopping between
contacts were prepared. nearby defect3.Hall effect measurements in samples irradi-

The electrical measurements in Van der Pauw deviceated with H" to the dose of X 10 cm™? indicate n-type
provided R, sheet carrier concentratidny, and effective  conductivity with a very lowu (<1 cn?/V s). In agreement
mobility («) values. Electrical measurements in the resiswith a previous publication the data in the descending part
tors, using a Keithley 617 electrometer, provided only R of the curve(l) indicate that the increasing of the conductiv-
values. ity is proportional to the third power of the dose.

J. Appl. Phys., Vol. 81, No. 2, 15 January 1997 Souza, Danilov, and Boudinov 651



TABLE I. The doses of B, He", and B" used to create the specific damage
levels D1, D2, and D3.

ju—y
o
-

j: H He B
107 E [cm™2] [cm™2] [cm ~2]
D1 2.6¢10° 2.4x 1012 7.5 101
10° ] D2 5.0< 10" 5.0x 10" 5.3x10'2
D3 4.4<10'° 3.0x10% 4.6x10%

Sheet Resistance ((}/0)
=

= . . . . 5 scales with the increase of the nuclear energy deposition per
Lo 10 10 10™ 10% 10% income ion in the doped layér.

Considering that the depth distribution of the nuclear
energy deposition is almost similar for the used ions it is
conceivable to assume that the damage concentrations at
equivalent points in the curves of Fig. 3 are approximately

Irradiated Dose (cm™)

FIG. 3. Sheet resistance versus dose curves fofaB 150 ke, He" (at 80
keV), and H" (at 50 keV} irradiations in resistors with original R= 500 L
Q /0. The points marked in each curve correspond to the doses which crea@m'lar-

the defect concentration levels to obtain almost complete isolébay the The thermal stability of the isolation was studied using

onset of the hopping conductigd2), or a noticeable hopping conduction three different damage concentration levels, labelled hereaf-

(B3). ter as D1, D2, and D3. The marked points in the curves in
Fig. 3 correspond to the doses which create the selected dam-
age concentration levels.

The energies for the H He', and B' irradiations were After irradiation to create the damage concentration
chosen in order to locate the peak of the defect concentratiolevel D1, practically all the carriers are captured by the trap-
underneath the n-type doped layer. The estinfdteépth  ping centers. In the case of D2, a weak hopping conduction
distribution of the replacement collisions for a 50 keV H is established in the region comprising the peak of the dam-
irradiation in GaAs is shown in Fig. 2. age profile, where the damage concentration is higher. For

The analysis of the Rdata shown in Fig. fcurve(1)]is  both D1 and D2 cases, the,Ralues are in the range of
now developed considering three distinct slabs parallel to th&0°—1@ Q/CJ. After irradiation to create damage concentra-
sample surface, as depicted in Fig. 2: slab I, containing théon D3, a significant hopping conduction is established, re-
doped layer(thickness of 0.2um); slab Il, comprising the sulting in R, values of~ 10° Q/00.
peak of the defect distribution; and, slab IIl, formed by the  The doses ofH", “He", andB* required to produce
underneath Sl substrafthickness of 45Qum). The R val-  the damage levels D1, D2, and D3 are quoted in Table I.

ues shown in curvdl) of Fig. 1 result from the parallel The evolution of R after post-irradiation annealing is
association of three sheet resistanceg;, Rf slab I, which  shown in Figs. 4), 4(b), and 4c), respectively, in samples
original value for the considered sample is 307; Ry, irradiated with'H*, *He", and'B*. It is interesting to note

of slab 11, originally higher than 18 /0, and R, the that the evolution of Rwith the annealing temperature after
sheet resistance of the underneath S| substrate1(® irradiation to a similar damage concentration le(l, D2,
Q/0). In the low dose region, the parallel association isor D3) is practically similar, irrespectively of the mass of the
dominated by the sheet resistance of the doped layer. Thesed ion.
increase of the carrier trap concentration in slab | with accu-  For D1 case, the stability of the isolation is restricted to
mulation of the dose leads to a progressive decreasing of memperatures below 200 °C. Abowe200 °C, a sudden de-
and hence to an increasing of Rsee curvegl) and(2) in crease of Rof 2—3 orders of magnitude is observed. Another
Fig. 1]. At the threshold dose for isolatiSrthe concentration annealing stage starting at 400 °C is apparent in the D1
of the carrier traps present in the doped layer becomes coneurves.
parable with the original 51 In this situation, R, becomes Some peculiarities of the defect annealing in a sample
orders of magnitude higher than f?. Since both R and R irradiated to a low dose are disclosed from the data shown in
s) are much higher than &, the latter sheet resistance Fig. 5. Curveq1) and(2) in Fig. 5 represent respectively the
dominates the parallel association. Consequentlyy R ngandu values obtained in a Van der Pauw device irradiated
s - This situation persists as long as the defect concentrae a'H' dose slightly lower than that corresponding to D1
tion in slab Il is below that required for the onset of hoppingcase. It is clearly apparent the remarkable increasing of both
conduction. This explains the formation of the plateau in theng and i in the temperature range of 200—300 °C. This an-
curve (1) of Fig. 1. The plateau ends when hopping conducealing behavior can be explained assuming annihilation of
tion starts in slab 1l. With further increase of the irradiation acceptorlike compensation centers. The increase of both n
dose, the conduction in slab Il becomes more significant thaand w results respectively of electron liberation and reduc-
in the bulk. In this dose regime,;R= Rg,. tion of the concentration of charged scattering centers. Pons
In Fig. 3, the R versus dose curves are shown for et all* using deep level transient spectrosco®LTS) in
1H*, “He", and 'B* irradiations performed in originally GaAs irradiated with 1 MeV electrons reported a pronounced
identical resistors. The shift of the curves toward lower doseannealing stage beginning at the same temperature. These
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- FIG. 5. Sheet carrier concentratiog[ourve(1)] and effective Hall mobility
3 [ original ] w [curve (2)] for a GaAs sample with an originalff 300 /01, subse-
& quently irradiated with Hi at 50 keV and dose>310™ cm™2 and isochroni-

cally annealed for 300 s at different temperatures. The original values of
nsandu are 1.36< 10" cm 2 and 1910 c/V s, respectively.

The change of. 1, which is proportional to variation of
the concentration of charged scattering centers, was plotted
versus the inverse of the temperature of the annedpta
E not shown. The w values were obtained in Van der Pauw
0 200 400 600 800 devices irradiated with H (D1 case and subsequently an-
nealed at temperatures in the range from 400 to 500 °C. The
straight line fitting to the data provided an activation energy
of 0.51+0.02 eV for the annealing of the charged scattering
annealing in samples irradiated with Hit 50 keV/(a), He™ at 80 kev(b), ~ CENters. This value agrees quite well with the migration en-
and B' at 150 keV/(c). The ion doses were chosen to create the specificEl@y Of the As interstitialAs;).*® Presumably, the annealing
defect concentration levels D1, D2, and D3. at 400-500 °C arises from the recombination of" Agn-

ized donory with negatively charged As vacanciég,,).

Remarkable effects on the thermal stability of the isola-
authors interpreted the annealing mechanism as annihilatidion are introduced when the damage concentration level in-
of simple intrinsic defects like vacancy-interstitial pairs or creases from D1 to D2see Fig. 4. For the samples irradi-
vacancy-antisite defect pairs. Considering that thg,@ati-  ated to the D2 damage level, the interval of temperature for
site defects are double accept&tsheir annihilation would ~ which the isolation persists extended to 550—600 °C. Above
produce the observed enhancement gf Rrobably the ~550-600 °C there is a sharp decrease gftdvard its
Ga,s antisites recombine with Y, vacancies at temperatures original value.
above 200 °C. This annealing behavior closely correlates with those ob-

The height of the steps at 200—300 °C in thecBrves  served in previous works:*® Worner et all’ reported a
of Figs. 4a)—4(c) decreases with the increasing of the ion sharp decrease of the @gselectron spin resonance signal in
mass. This seems to be related to the structure of the collreutron irradiated GaAs, after annealing at temperatures
sion cascade. The collision cascades becomes denser wihove 500 °C. Martiret al'® demonstrated that temperatures
lesser amount of simple defects as the ion mass increasdn.excess to 550 °C are required to anneal most of the dam-
Considering this annealing stage as associated to annihilatiage in GaAs irradiated with B to doses in the range of
of simple intrinsic defect$? its contribution to the recover- 10°-10"* cm™2.
ing of the conductivity is expected to decrease with the in-  Considering that the Ag antisite annihilates via recom-
creasing of the ion mass. bination with Vs it is conceivable to assume that this an-

The annealing stage beginning at 400 °C promotes errealing stage is assisted by thermally generatgg. Mhe
hancement ofx without increasing of n[see curvegl) and  possible sources for \{ generation are(i) the sample sur-

(2) in Fig. 5]. Apparently, annealing of charged scatteringface where significant As loss is expected to occur during
centers without net carrier liberation is taking place. A mostcapless post-irradiation annealing afig), the dissolution of
credible explanation for this phenomenon is the annihilatiordefect complexes.

of defect pairs composed by an ionized donorlike defect and In a separated experiment, samples capped with 50-nm-
a negatively charged one. thick SN, layer were irradiated with H to a dose corre-

E original

Temperature (°C)

FIG. 4. The evolution of Rwith the temperature of the post-irradiation

J. Appl. Phys., Vol. 81, No. 2, 15 January 1997 Souza, Danilov, and Boudinov 653



sponding to D2 damage concentration level and annealedepth distribution of the irradiation damage. Subsequently,
together with capless ones. Besides the lower As loss frorthe thermal stability of the isolation after irradiations with
the capped surface, identical Ralues were found in the ions of different mass, which form almost similar depth dis-
capped and capless annealed samples. This result indicatebution of the damage was investigated. Three specific
that the contribution of the surface to the generation ofi§  damage concentration levels labelled as D1, D2, and D3
negligible. Very likely, Vis and Vg, are generated predomi- were considered in the present study.
nantly from the thermal dissolution of complex lattice de- For a damage concentration which conducts to the onset
fects in samples submitted to high dose irradiation. of the isolation(D1), the stability is restricted to tempera-

The essential process for electron liberation is the annitures below 200 °C. We argue that this annealing stage re-
hilation of acceptor defects, like the gaantisite. This an- sults from reaction between simple isolated defects, the
nihilation reaction involves ¥, and is supposed to occur at a Ga,s acceptors and ¥,. At 400 °C, another annealing stage
much lower temperaturéat =200 °Q. The simple defects leads to the enhancement of the mobility without the increase
predominate the irradiation damage. Consequently, in lovof the carrier concentration. Very likely it proceeds via an-
dose irradiated samples, like D1 case, low temperature amihilation of charged scattering centers.
nealing is able to liberate most of the captured carriers. How- In the samples where a slightly hopping conduction is
ever, in samples irradiated to higher doses the residual tragpparen{D2 casg, the thermal stability of the isolation ex-
ping centers after annealif@00 °C<T<500 °Q consist of tends to temperatures 8f550—600 °C. We argue that com-
complex defects. Depending on the irradiation dose, theiplex defects dissolution at temperatures above 550 °C gener-
concentration may be high enough to keep the majority ofite the vacancies which react with the antisite defects,
the carriers captured. This would explain the lack of the an€ausing their annihilation.
nealing stage at 200 °C in the D2 and D3 curves of Figs. Further increase of irradiation dose by another order of
4(a)-4(c). Annealing temperatures in excess to 500 °C arenagnitude(D3 cas¢ produces, if any, only a marginal im-
required to dissolve the defect complexes and generate th@ovement of the thermal stability.
vacancies necessary for annihilation of the antisites. In contrast with previous publicatiodg! no significant

For technological applications, the hopping conductionmass effects influencing the thermal stability were found in
in samples irradiated to the highest doé@8 cas¢ has to be the present work. The damage concentration is the main pa-
suppressed in order to attain high isolation between devicesameter influencing the thermal stability of the electrical iso-
An annealing performed at 400-550 °C is then required tdation.
obtain best isolatiofisee curves D3 in Figs.(d-4(c)]. The For application purposes, the dose corresponding to the
hopping conduction ceases when the defect concentration ilamage level D2 leads to the highest isolation without de-
slab 1l, and very likely in slab | also, becomes sufficiently manding post-irradiation annealing. In addition, the thermal
low such that the distance between the defects is largstability is comparable to those in samples irradiated to doses
enough to preclude carrier hopping. which lead to significant hopping conduction.

In spite of the higher damage concentration level in D3
case compared to D2 one, only a marginal improvement o
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