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Carbon was implanted into GaAs at the energy of 1 MeV with doses betweer0'? and 2

X 10°cm™? at temperatures of 80 K, nominal room temperat(R&), and 300 °C. A markedly
higher electrical activation was obtained in the samples implanted at 80 K compared to those
implanted at RT or 300°C, attaining a maximum hole concentration ®fl@°cm™3. The
redistribution of the C profile during rapid thermal annealing at temperatures from 700 to 950 °C for
10 s was found negligible, independently of the implantation temperature. Similar improvements in
the electrical properties were also verified in samples implanted at 80 K with a lower energy of 60
keV. We consider that despite the light mass of C ions, the reduced dynamic annealing at 80 K
allows the accumulation of an abundance of As vacancies, which assist the C activatiptyae a
dopant. ©2001 American Institute of Physic§DOI: 10.1063/1.1356729

Be, Mg, Zn, and Cd ions are commonly implanted into high-concentration doping of a transistor base in epitaxial of
GaAs to produce-type doped layers. These column-Il ele- heterobipolar structuré$and the formation of burieg-type
ments can be highly activated, yielding a hole concentrationayers in field-effect transistoré.
that reaches the 3®cm2 range! However, besides the ad- Previous studi¢§8~'? have demonstrated that the as-
vantages associated with the high electrical activation, thémplanted damage is beneficial fpitype activation of C. It
large diffusivity of column-ll atoms at concentrations is well known that implantation damage is, to a large extent,
>10"®cm 23 in GaAs(Ref. 2 constitutes a severe drawback determined by the intensity of the dynamic annealing. There-
when a shallow or abrupt profile is required. Therefore, thefore, one expects that during implantation of C ions at a very
as-implanted profile redistributes significantly by indiffusion low temperaturelike at 80 K), in spite of the light ion mass,
and outdiffusion, even during rapid thermal annealingthe necessary damage concentration to favor the activation of
(RTA). In particular, the up-hill diffusion of column-Il ele- C would be accumulated. The correctness of this statement is
ments in GaAs;*i.e., the movement of the implanted atoms demonstrated in the present investigation.

in the direction of the concentration gradient during the ini- The samples used in this work are from semi-insulating
tial stage of annealing, introduces additional contribution taiquid-encapsulated Czochralski-grown GaAs wafers of
the profile redistribution. (100 orientation. C-ion implantation was performed at the

Carbon is an amphoteric dopant in GaAs, which is pref-energy of 1 MeV using the “Tandetron” ion accelerator of
erentially incorporated in the As sublattice where it acts as @he Physics Institute at Porto Alegre. The implantation was
single-electron acceptor. In contrast with the column-II eleperformed with the substrate at temperatures of 80 K, nomi-
ments, C has a quite low diffusion coefficient, of less thamal room temperaturéRT), or 300 °C, with doses ranging
1X10 *®cn¥/s at 950 °C> An extremely high hole concen- from 1x 10 to 2x 10'5cm 2. In order to minimize chan-
tration can be establishédp to 5.8<10?°cm™®) when Cis  neling effects, the samples were tilted 10° and rotated 25°
introduced into GaAs during metalorganic molecular-beamyith respect to thé110 direction. The as-implanted samples
epitaxial growth® In contrast, the electrical activation of C were submitted to capless RT(Si proximity) for 10 s in Ar
implanted in GaAs is considerably lofwith the hole con-  atmosphere in the temperature range from 700 to 950 °C.
centration typically lower than % 10'*cm™2. Co implanta- Hall-effect measurements in Van der Pauw devites
tion of C with inert gas ions or with column-Il or -lll ele- provided the sheet resistand@sll sheet carrier densit)pé),
ment ions has been employed to enhance the activaitldn. ang effective carrier mobility geq) values. The Ohmic con-
The damage introduced by the coimplanted ions and/or thgycts in the devices were prepared by manually applying In
creation of As vacancies as a consequence of the incorporgs the GaAs surface and then sintering=s800 °C during 3
tion of column-Il or -lll atoms in the Ga sublattice are min. The depth distribution of the C atoms was obtained by
claimed to be the causes which lead to activation enhancesecondary ion mass spectromet8/MS) measurements with
ment. Among the applications of C doping in GaAs are the; 10 ke C¢ beam at 45° incidence on an MIQ-256 quad-
rupole microprobe. The crater depth was measured using a
dElectronic mail: pudenzi@ifi.unicamp.br Dektak-3ST. ElectrochemicalC-V (EC-V) profiling was
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. ) . FIG. 2. Curve(0) is the C-atom distribution estimated by theiv code
FIG. _1. Sh_eet hole con(_:entratlon after_ annealln_g at 850 °C for 10 s as gjmylation. Curvegl) and (2) are profiles of C atoms measured by SIMS
function of implanted C-ion dose. The implantation temperatures \&re  after annealing at 950 °C for 10 s in samples implanted with a dose of 5

nominal room temperaturéh) 300 °C and(c) 80 K. X 10" cm~2 at nominal room temperatugample ) and at 80 K(sample
1), respectively. Curve$3) and (4) are acceptor profiles measured by the

performed on annealed samples using equipment describ&fctrochemicat—V method in samples | and i, respectively.

elsewheré?

The lowest annealing temperature that provided measulRTA at 850 °C. There is only a marginal improvement in the
able electrical activation was 700°C and the doped layerg|ectrical activation in the hot-implanted samples compared
were always ofp-type conductivity. In the RT-implanted tg those implanted at RT. This result clearly indicates that
samplesps increased with the RTA temperature reaching age jmplantation of C ions at high temperature is not effec-
maximum at 850 °C and then decreased slightly for higheg;q in increasing the activation efficiency.

temperatures. The dependence of electrical activation on the dose im-

Figure 1 shows thepos values versus the C dose after janteqd at 80 K is depicted in curée) of Fig. 1. The data in
RTA conducted at 850°C. Curves), (b), and (c) corme- ¢ ye (¢) show remarkable electrical activation for doses
spond to implantation at RT, 300 °C, and 80 K, respectively.. 5. 1 013¢y-2. One notices thap, increases with the dose,
In the RT-|mpIant§d samples the_electncal act|vat_|on yleldwith no propensity for saturation. The EAY reached a maxi-
(EAY), i.e., the ratio ofp and the |mpla£1ted_;jose, IS PraC~ 1 um value of 42%for the dose of 5 104cm™2), which is
tically constant=20% for doses-1x10'cm * [see curve 1.8 times higher than the corresponding value in the RT-

4 —2
o T e ot e EAY Sommoness sosenialPIanied sample2296 for doses of 35 102
) y Curves(1) and(2) in Fig. 2 are the SIMS concentration

for doses>1x10**cm 2. Since C is an amphoteric dopant in ) ) .
i depth profiles of C after RTA at 950 °C in samples implanted
Asl’ | h h
GaAs, " one could suppose that such decrease ipthype to a dose of X 10**cm~2 at RT (sample } and 80 K(sample

doping efficiency results from donor compensation, i.e., from

C incorporated in the Ga sublattice. However, this hypoth-”)' respectively. The concentration depth profile estimated

esis cannot be supported by the mobility data from the?Y TRIM (Ref. 20 code simulation is included in curv@),
present work. For example, in samples implanted at RT wit0f comparison. The SIMS profiles from sample | before
the doses of X10cm 2 (sample A and 1x 10'5cm™2 annea_\llng(not shown and gfter anneallnb:ur.ve(ll)]. closely
(sample B, the measureg, and u; values after RTA at  SUPErimpose, clearly confirming the low d_|ffu5|V|ty of C. A
900°C are, respectively, 28L03cm2 and 208 criV's near coincidence between the SIMS profiles andTnhm/l-
(sample A and 3.3< 10cm 2 and 185 crV s (sample B. simulated one occurs for depths from 0.7 to . The talil
One should note that the respective valuep.oand e in in the measured profiles for depthd.4 m probably results
samples A and B are not too different. Considering the amfrom imperfect channeling suppression. In the cold-
photeric activation of G/ the concentration of ionized scat- implanted sample the tail is less pronounced, very likely be-
tering centers|y;) in sample B should be=5 times higher ~cause the higher accumulated implantation damage contrib-
than in sample A. Assuming scattering of holes by phonongites to dechanneling. Close to the surface, from depths of
and ionized center€ the calculated hole mobility results in 0.1-0.7um, the measured C concentrations are 2-3 times
71 cnf/V's for sample B, which is well below the experi- higher than therRim-predicted ones. The causes for this dis-
mental value(185 cnf/Vs). However, a mobility of 192 crepancy are unclear at present.
cn?/V s is estimated assuming scatteringNy= P, in close The EC-V depth profile for the acceptors obtained after
agreement with the experimental value. Based on this reRTA at 950 °C is shown in Fig. 2 in curve8) and (4) for
soning, one can infer that the substantial concentration of Gamples | and Il, respectively. One can observe that the ac-
atoms nonactivated during RTA in samples implanted at RTceptor concentrations in sample | are well below those of C
to high doses remains electrically neutral. Very likely, theatoms along the entire profifeompare curve$3) and(1) in
neutral C atoms form precipitates in the GaAs matrix likeFig. 2]. This result correlates with the low values pf
those observed by electron microscopy analysis. (=7% of implanted dosemeasured in sample |. On the other
Curve(b) in Fig. 1 shows the dose dependence of the Chand, the acceptor profile in sample Il reproduces approxi-
electrical activation in samples implanted at 300 °C aftermately the C atom profileEcompare curve&t) and(2) in Fig.
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‘ T T T ] are 19% and 0.4%, for the 80 K and RT-implanted samples,
o°L ot ) respectively. These results demonstrate that the implantation
“E E .g)sﬁ'”" - at 80 K is also highly effective in improving the activation of
% ' A&;M‘ ) ] C implanted at a low energy.
% 10" L _.;;52;% ot In summary, the influence of the substrate temperature
£ .Mﬁ‘?-;;3°°‘t:f N during C-ion implantation on the electrical activation was
g , ?i?)f?-“f & R investigated. A significantly higher electrical activation yield
8" M N was obtained in samples implanted at 80 K compared to
A those implanted at RT or 300 °C. The acceptor concentration
10" L in the 80 K implanted samples reached a value of 2
00 05 10 15 20 X 10cm™3 at the profile peak, which is- 20 times higher
Depth (um) than in the best activated RT-implanted samples. From the

FIG. 3. Profiles of acceptors obtained by the electrochen@iea¥ method dependenc_:e Of, the eff_eCtlve hole mobility on the Sheet hole
in samples implanted with C ions at 80 K and annealed at 850 °C for 10 s t§Oncentration, it was inferred that C atoms nonactivated as
doses of(a) 2x 10%cm™2, (b) 5x 10" cm™2, (c) 1x10"cm™2, and(d) 2 acceptors remain electrically neutral. We have demonstrated
x10%cm 2 that p-type layers in GaAs of low sheet resistance and neg-
ligible profile redistribution during rapid thermal annealing
£an be formed via low-temperatu(80 K) C-ion implanta-

2], indicating that a substantial fraction of the implanted dos S
ion.

was activated.
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