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Passivation of n and p dopants in ion-implanted GaAs by a 2D* plasma

D. K. Sadana, J. P. de Souza,? E. D. Marshall, H. Baratte, and F. Cardone
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598

(Received 23 July 1990; accepted for publication 30 October 1990)

Strong n but weak p-carrier passivation was observed when Si- and Mg-impianted/anneaied
GaAs samples were exposed to a 2D plasma under identical conditions. Even though a
discrete band of dislocation loops was present in both the samples, the *D distribution in the
two cases was remarkably different. In the Si-implanted sample the 2D followed the

carrier distribution, whereas in the Mg-implanted sample it followed the distribution of
dislocation loops. Phenomenological mechanisms of 2D interaction with dopants/dislocations

in GaAs are postulated.

Fabrication of semiconductor integrated circuits rou-
tinely utilizes plasma-enhanced chemical vapor deposition
(PECVD) of SiO, and Si3N, films on the surface of the
semiconductor. However, H™ is created during the
PECVD and semiconductors are inadvertently exposed to
the atomic or ionized H until a continuous coverage of the
film occurs on the semiconductor.! Both shallow acceptors
as well as shallow donors are known to be passivated in
GaAs after a H plasma exposure.”” The published work
on the H passivation in III-V semiconductors, however, is
focused primarily on either the bulk-grown material or
homo/hetero epitaxially grown material.>* The H-damage
interaction in GaAs has mainly been studied in H™-
implanted/annealed GaAs.%’ It is demonstrated here that
a Si-implanted/annealed GaAs sample is exposed to a H
plasma. In the Mg-implanted/annealed GaAs there is no
correspondence between the distributions of the p carriers
and H.

Semi-insulating, liquid-encapsulated (100)GaAs wa-
fers were implanted with 29;i, Mg, or Be. The implant
conditions for each ion are described separately in the en-
suing text. Some of the low dose ( S1Xx10"% ecm~2) Si*-
implanted samples were also co-implanted with Mg* to
create a buried p layer. A portion of each implanted sample
subsequently underwent capless rapid thermally annealing
(RTA) in a Heatpulse 410T Annealer at 850 °C for 10 s.
The capless RTA was performed in Ar or forming gas with
the implanted side facing down on a Si wafer coated with
a layer of Si;N,. The unannealed and annealed samples
were then exposed to a 2D plasma in a Plasmatherm sys-
tem at 300°C for 5 min. Deuterium instead of hydrogen
was used for the plasma to improve the detection efficiency
of H in GaAs by secondary-ion mass spectrometry
(SIMS). Capacitance-voltage (C-¥) and Hall measure-
ments were performed on the annealed samples before and
after the plasma treatment. The distribution of secondary
defects was obtained on a selected number of samples by
cross-sectional  transmission  electron  microscopy
(XTEM).

Figure 1 shows a set of carrier concentration versus
depth profiles obtained by C-¥ measurements from the

*'Permanment address: Instito de Fisica, UFRGS, 91500 Porto Alegre,
RS Brazil.
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samples that were dual implanted with 30 keV *Si* to a
dose of 6x 102 ¢cm ~2 and 120 keV Mg™* to doses of O,
1% 10", 3% 10", and 10x 10" ¢cm~2, and subsequently
capless annealed at 850 °C/10 s. It is evident that the car-
rier compensation increases systematically in the tail with
the increasing dose of the Mg.

After the C-V measurements, the samples of Fig. 1
were exposed to a °D plasma in a manner already described
above. The carriers were found to be totally passivated
after the plasma treatment. Neither Hall nor C-¥ measure-
ments could be performed on the samples. The passivation
correlated with the fast diffusion of the *D into the im-
planted region of the GaAs. Figure 2 shows the SIMS-
measured *D distributions in the samples of Fig. 1. It is
remarkable that the 2D distributions followed precisely the
carrier distributions of Fig. 1 in its magnitude as well as in
the shape. Even the different levels of tail compensation in
Fig. 1 were reflected in the 2D profiles. Although the car-
rier compensation by H in the previous work'™ was cor-
related with the diffusion of H during a H plasma treat-
ment, the exact correspondence between the carrier profiles
and the diffused H profiles observed here is a new finding.
The passivated carriers could be reactivated at a level of
> 80% after a heat treatment at 350 °C for 10 min. The
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FIG. 1. C-V measured carrier concentration profiles from the samples
implanted with 2°Si* at 30 keV to a dose of 6X10'? cm ~2. The co-
implant doses of 120 keV Mg were (a) 0, (b) 110" em ~2, (¢) 3x 10"
cm~2 and (d) 10X 10" em 2 All samples underwent post-implant
annealing at 850 °C/10 s.
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FIG. 2. SIMS measured D concentration profiles in the samples of Fig,
1. Note the remarkable similarity between the D and carrier profiles.

reactivation was accompanied by the outdiffusion of the H
present in the implanted region. This point is illustrated
again in Fig, 3.

The diffusion behavior of the ’D in GaAs implanted
with a higher dose of Si T, i.e., 4.5x 10" or 1x 10" cm 2
was also studied. The implant energy and subsequent RTA
conditions were the same as used for the samples in Fig. 1.
Figure 3(b) shows the profiles of the *D in the sample after
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FIG. 3. GaAs sample implanted with 2Si, 30 keV, 4,5% 10" cm ~? and
subsequently annealed at 850 °C/10 s: (a) an XTEM micrograph showing
the distribution of dislocation loops, (b} the corresponding SIMS profiles
of Si (i) and 2D (ii) from the sample, and D profile after a 350°C/10
min anneal (iii).
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FIG. 4. GaAs sample implanted with Mg, 120 keV, 1.0 10" em ~? and
subsequently annealed at 850 °C/10s: (a) an XTEM micrograph showing
the distribution of dislocation loops and (b} the corresponding SIMS
profiles of 2D (i) and Mg (iii) from the annealed sample. Also included
in (b} is the Mg profile (ii) from the unannealed sample.

the plasma exposure. Also included in the figure is the
profile of 2°Si in the annealed sample. Since the implanted
Si does not redistribute during the RTA, the Si profile for
the unannealed sample is also the same as the annealed one
included in Fig. 3(b). It is clear from Fig. 3(b) that the
overall magnitude of the D is lower than that of the Si.
The Hall data from this sample prior to the plasma treat-
ment gave a peak carrier concentration of 1-2x10'8
em ™3, As was the case with low-dose Si-implanted sam-
ples of Fig. 1, the level of D in Fig. 3(b) in the peak region
(1.5 10" ¢cm —?) correlates rather closely with the mea-
sured peak carrier concentration in the high-dose Si-
implanted sample. Furthermore, the sample becomes to-
tally passivated after the plasma treatment. Although
differential Hall measurements were not conducted in this
investigation, based on the magnitude of D in Fig. 3(b)
and the data of Fig. 2, it is believed that the 2D distribution
in Fig. 3(b) before heat treatment represents the carrier
distribution in the sample. The outdfiffusion behavior of *D
during a subsequent heat treatment at 350 °C for 10 min
was also similar to what was observed in Fig. 2. Again, the
outdiffusion of the D was accompanied by reactivation
(~80% of the value prior to the plasma exposure) of the
Si in the implanted region.

Mg™ and Be* -implanted/annealed samples were also
exposed to a °D plasma under the same conditions as were
used for the samples of Figs. 2 and 3. Figure 4 shows the
D profile in the Mg * -implanted/annealed sample along
with the Mg profiles before and after capless RTA at
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850 °C/10 s. Unlike Si, a pronounced redistribution of Mg
occurs after the annealing in high-dose Mg samples.®® In
fact, a significant fraction (20%) of the implanted Mg is
found to outdiffuse during the annealing. It has been
shown previously that the Mg retained in the GaAs after
the annealing is nearly 100% electrically active.® It implies
that the carrier profile in the annealed sample shouid be
identical to the Mg profile. However, the 2D distribution in
Fig. 4 has no resemblence to the Mg distribution in the
annealed sample. The 2D profile is Gaussian in shape and
the overall magnitude of the 2D is higher than that of the
Mg. Furthermore, a post-plasma anneal even up to 850 °C/
10 s does not cause any significant outdiffusion of the D.
Despite the high concentration of 2D in the implanted re-
gion, carrier passivation of only 20% occurred in the Mg-
or Be-implanted sample. In contrast, under the identical
’D plasma conditions the Si-implanted samples showed
100% carrier passivation. The XTEM micrographs [Figs.
3(a) and 4(a)] revealed that both samples contain dislo-
cation loops and the mean depth of the loops correspond
closely to the projected range of the implanted ion. It
should be noted that the peak of the displacement damage
distribution does not generally coincide with that of the
implanted ion. However, in the present case the difference
between the ion and damage distributions is within the
uncertainty of the XTEM measurements. Comparison of
Figs. 4(a) and 4(b) also shows that the depth distribution
of 2D in the Mg-implanted sample correlates precisely with
the depth distribution of the dislocation loops in the sam-
ple. Similar findings were confirmed in the Be-implanted/
annealed samples (not included). However, in the case of
the Si-implanted samples the effect of the dislocation loops
on the diffusion of the 2D during the plasma exposure is
not discernible, because the depth distributions of the car-
riers and dislocation loops overlap in Fig. 3. However,
based on the electrical compensation data of Fig. 2 and the
comparable levels of 2D and carrier density in the sample
of Fig. 3, it seems that the dislocation loops play only a
minor role in affecting the 2D diffusion in the sample.
The reason for the weaker carrier passivation in
p-imlanted samples observed in this investigation is not so
straightforward. Since holes have an inherent tendency of
recombining with electrons, they should also be strong cap-
turing sites for the atomic H which has an unsaturated s
orbit with one electron. However, a close examination at
the *D binding to donors and acceptors in GaAs shows
that the local atomic configurations in the two cases can be
significantly different. For example, in the case of # dop-
ants, the “free” electrons are in fact loosely bound to do-
nors with an atomic radius of 100-200 A with a hydrogen-
like bonding. It is postulated that the passivation occurs
when a “free” electron of the Si is intercepted by a 1s
electron of the diffused H to form a weak Si-H bond. The
bond length in this configuration could be of the order of
the radius of the “free” electron and the bond would not be
localized with respect to the donor atom. The crystal pre-
sumably can accommodate the bound H on a nonsubstitu-
tional site. However, holes in a semiconductor are localized
because they are tightly bound with acceptors. The passi-
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vation of a hole requires the 1s electron of the H to recom-
bine with the hole. The H therefore becomes localized with
respect to an acceptor atom based on this model. Thus, in
the case of Mg the hole passivation would require the for-
mation of a tightly bound Mg-H-As type configuration. It
appears intuitively that such an atomic configuration
would not be energetically favorable and may be the cause
of the weak passivation observed in the case of p dopants.
The model proposed here is quite speculative at present.

The anomoulous *D-dislocations interaction in Si- and
Mg- or Be-implanted GaAs observed here is also a new
phenomenon and is not documented in the literature. The
two orders of magnitude difference in ’D segregation to
seemingly similar types of dislocation loops in the Si- and
Mg-implanted GaAs indicates that either the core of the
dislocations is radically different in the two materials
and/or it is related to different Fermi levels in the two
materials. It has been demonstrated recently on plastically
deformed bulk GaAs that the charge states of dislocations
can be different depending on whether the GaAs is n or p
type.!? This could be an additional factor that needs to be
taken into account to explain the discrepancy of the D
redistributions in Figs. 3(b) and 4(b).

In summary, it has been demonstrated that in the Mg-
implanted/annealed GaAs the overall concentration of the
2D in the implanted region is an order of magnitude higher
compared to the Mg profile and the profile of the diffused
2D correlates precisely with the damage profile. In the case
of Si-implanted/annealed GaAs, on the other hand, the D
profile correlates with the carrier profile. Consequently, the
overall concentration of the diffused D depends on the
implanted Si dose, and is never higher than the Si concen-
tration. At low doses (S1x10" cm™ 2y where nearly
100% Si activation occurs upon subsequent annealing, the
magnitude of the 2D is equivalent to that of the Si. How-
ever, at high doses (21X 108 cm —2) of Si, the magnitude
of the diffused ?D is less than that of the Si. Despite the
higher concentration of the 2D in the Mg-implanted GaAs
compared to the Si-implanted GaAs, the carrier compen-
sation is less pronounced in the former samples.

The authors are indebted to Harry Hovel for useful
discussions. The technical help of Joe Mitchell, Thermon
McKoy, Maurice Norcott, and Jonah Kaszovitz is grate-
fully acknowledged.
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