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Dopant-type effects on the diffusion of deuterium in GaAs
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The diffusion depth and total amount of deuterium incorporated in GaAs during plasma exposure
is found to depend strongly on the conductivity type of the surface. A shallow n* layer inhibits the
in-diffusion of deuterium, consistent with that species having a level in the upper half of the GaAs
band gap. The deactivation of donors and acceptors by deuterium is then the result of different
chemical reactions based on its different charge states in n- and p-type material. Zn acceptors display
a reactivation energy of 1.6 eV, less than the typical value for donors of 2.1 eV.

The passivation of both shallow donor' ~3 and acceptor®
impurities in GaAs by exposure to a hydrogen plasma has
recently been reported. Various models for the passiva-
tion process have been proposed,”* but the actual deac-
tivation mechanism will depend on the charge state of hy-
drogen as it approaches the dopant ion. A similar situa-
tion holds for the hydrogen passivation of shallow impuri-
ties in Si where some confusion exists as to the exact
chemical reaction taking place.’ Initially it was assumed
that hydrogen in Si was in a neutral charge state,® but re-
cent biased diffusion experiments provide strong evidence
that it exists as a positively charged species in p-type Si.”?
In contrast, some theoretical calculations predict a nega-
tive charge state as a possible stable form of hydrogen in
n-type material.® A further key observation is that a thin
n-type layer on p-type Si will impede the incorporation of
hydrogen into the bulk of the material.'®!! It is obviously
of benefit to study the chemical doping dependence of hy-
drogen diffusion in GaAs, to establish whether similar be-
havior can provide an insight into the passivation mecha-
nism in compound semiconductors.

A variety of n and p-type and undoped GaAs was uti-
lized. The n-type samples were taken from Si-doped
(100) single-crystal boules grown by the horizontal
Bridgman technique, with net carrier concentrations
determined by Hg-dot, Schottky-contact capacitance-
voltage profiling to be in the range 5x10°-2x10'®
cm ™3, The p-type specimens were obtained from Zn-
doped (100) Bridgman crystals with net carrier concen-
trations in the range 3 10'°-5x10'® cm—3. For com-
parison with this conducting material, we included un-
doped semi-insulating (107 Q cm) samples from liquid en-
capsulated Czochralski crystals in all hydrogenation treat-
ments.

In some samples an n* layer was formed by implant-
ing 60-keV ?°Si ions to a dose of 6x 10> ¢cm ™2, followed
by rapid annealing at 900°C for 10 s with the sample of
interest face down on another GaAs substrate. This pro-
cedure created a 1700-A thick n- type layer doped at
~2.4x 10" cm™3 at the surface of the GaAs. Com-
panion sections were implanted with 40-keV °Be ions at a
dose of 1x 10 cm ™2, .and rapidly annealed at 850 °C for
3 s to form a 1500-A thick p surface layer doped at
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~1x10" cm~3 Thus we were able to study the
diffusion of hydrogen or deuterium in samples with thin
highly doped regions of either similar or opposite conduc-
tivity to the bulk material.

In order to facilitate high-sensitivity secondary-ion
mass spectrometry (SIMS) measurements, isotopic substi-
tution of deuterium for hydrogen was used. The only
difference in the impurity passivation properties of these
isotopes is that the diffusion coefficient for D is less by a
factor of the square root of the masses (0.71).

Deuterium plasma exposures were performed as de-
scribed previously by exposing the samples to a 30-kHz,
750-mTorr, 0.08-W cm ™2 plasma within a parallel-plate
reactor system."? This is an efficient and convenient
method for deuterating or hydrogenating samples, provid-
ed that energetic ion, electron, and photon bombardment
of the sample do not cause spurious effects.!>* As we have
shown previously by comparison with electrolytically hy-
drogenated GaAs, our plasma conditions induce no
significant changes in the incorporation kinetics of hydro-
gen, nor do they degrade the electrical properties of the
material,' at least at depths of >400 A.

Figure 1 shows the deuterium concentration profiles in
n-type GaAs as a function of doping level, for three sam-
ples deuterated during the same plasma exposure. Con-
sidering that the relative concentrations determined by
SIMS are accurate to £20% and the depth scales accurate
to £7%, the data show an n —!/2 dependence of deuteri-
um incorporation depth.!> This result is consistent with
the deuterium diffusion being modulated by trapping at
donor impurities. The net electrically active Si donor
profiles after deuteration do not always correlate well with
the total D profile, indicating that much of the D is inac-
tive due to trapping at other sites, principally other D
atoms, forming deuterium molecules. For example, from
the data in Fig. 1 one should see passivation of Si donors
in the n =5x 10" cm~? material to a depth of ~12 um,
whereas the carrier concentration profile shows detectable
donor passivation to ~3.5 um. We emphasize that
changes in the plasma parameters and sample exposure
temperature can cause significant variations in both the
total amount of deuterium incorporated into the GaAs,
and in the efficiency of that deuterium in passivating the
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FIG. 1. SIMS depth profiles of deuterium in n-type GaAs as
a function of donor doping level for a plasma exposure time of
30 min at 250°C.

shallow dopants, and therefore we used constant condi-
tions throughout the experiment.

For example, at low plasma power densities (~0.05
W cm~?) there is a relatively small amount of deuterium
available for donor or acceptor passivation, and its
diffusion is strongly reaction limited. At intermediate
power densities (~0.13 Wem™2) there is a very good
correlation of deuterium incorporation depth with the
depth of donor passivation. For higher power densities
(~0.28 Wem™?) it is difficult to avoid plasma-induced
sample heating, and increases of a factor of 2 in the
effective diffusion coefficient of deuterium have been ob-
served for a nominal sample temperature of 250°C. This
would correspond to an increase in the effective near-
surface temperature of the sample of 15°C.'*13

Depth profiles of deuterium in Zn-doped GaAs display
a very strong dependence of the total D concentration on
the initial doping level of the material, in contrast to the
behavior in GaAs(Si). Figure 2 compares D profiles in
plasma-exposed p-type GaAs with that obtained in a
semi-insulating sample, for the same plasma exposure
conditions employed on the n-type samples shown in Fig.
1. It can be observed that both diffusion depths and con-
centrations are larger in the p-type than in the n-type ma-
terial. The semi-insulating sample shows a deuterium
profile similar to that in lightly doped n-type GaAs. This
result is in agreement with Ref. 4, but here we show the
full extent of the D incorporation depth. Deuteration for
0.5 h at a higher temperature of 300°C resulted in D
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FIG. 2. SIMS depth profiles of deuterium in p-type GaAs as
a function of acceptor doping level, and in a semi-insulating sam-
ple, for a plasma exposure time of 30 min at 250°C.

profiles extending to ~35 pum in p=3Xx10'"* cm~? Zn-
doped material. Once again there was not a good correla-
tion between the total D profile and the passivated accep-
tor profile under our deuteration conditions. For exam-
ple, for 250°C deuterations we see acceptor passivation
extending to ~1.5 um in the 3X10'® cm~* Zn-doped
samples, whereas the SIMS data shows the total D con-
centration is above this level to ~6 um. However, in par-
ticular it should be noted that increasing p-type doping
does not impede the D in-diffusion at this temperature in
contrast to the case for n-type doping as shown in Fig. 1.
Indeed, both the total D concentration and diffusion
depth are increased for high acceptor concentrations, with
the peak D concentration exceeding that attained in the
n-type samples.

The thermal stability of donor passivation for all donor
species has been treated in detail in Ref. 2. We find ac-
ceptor passivation in GaAs is less stable than that for
donors. As for donors, we can obtain the dissociation en-
ergy of deuterium from the ion or complex to which it is
attached from

Ep—kTIn zilmNo/N) : (1)
v

assuming the dissociation obeys first-order kinetics and is
the rate-limiting step. In Eq. (1) N /N, is the fraction of
acceptor-deuterium complexes remaining after annealing
at temperature T for a time ¢, and v is the dissociation at-
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tempt frequency (assumed equal to 10 s™!). For Zn we
obtain Ep ~1.6 eV, compared to ~2.1 eV for the Si, Ge,
or Se donors in n-type material."? The D profiles in
separate Zn-doped samples as a function of post-
deuteration annealing temperature are shown in Fig. 3.
There is significant deuterium redistribution upon heating
at 350°C, and higher, and although the acceptors are
reactivated at this temperature, much of the deuterium
remains in the GaAs at concentrations high enough to
passivate all of the Zn. That it does not again indicates it
is present in an inactive form, possibly D, or more ex-
tended platelets containing deuterium.®

The inhibiting effect of an n-type layer on deuterium
diffusion in p-type GaAs is shown in the SIMS profiles of
Fig. 4. Both the depth and total amount of D incorpora-
tion is reduced in the n *-p sample compared to either a
pT-p or a bulk p-type specimen. The electrical profiles
showed a factor of 2 less acceptor removal in the n*-p
sample, and a shallower deactivation distance compared
to either the p "-p or p material. This retardation of D
diffusion cannot be explained by differing amounts of re-
sidual implant damage in the n *-p or p *-p samples. Our
implant and annealing conditions were chosen to create a
highly doped essentially defect-free layer.!”!® Similar re-
tardation by n-type doping on deuterium diffusion is seen
by comparing the SIMS profiles from n *-n, n, and p "-n
samples in Fig. 5. Once again the donor deactivation was
less efficient in the n *-n sample, in good correlation with
the SIMS data.
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FIG. 3. SIMS depth profiles of deuterium in Zn-doped GaAs
(p =3x10'" cm~3), deuterated at 250°C for 30 min, as a func-
tion of annealing temperature for 5 min treatments.
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FIG. 4. SIMS depth profiles of deuterium in p-type GaAs (Zn
doped, 3X10'° cm %) with a thin p * or n * surface layer exposed
to a D, plasma for 30 min at 250°C, and then cooled under
molecular deuterium. The near surface features are similar to
those in Fig. 5.

We therefore make the following observations.

(1) While deuterium diffuses rapidly in both n- and p-
type GaAs passivating the electrical activity of both
donors and acceptors, the diffusivity at 250°C is faster by
approximately a factor of 3 in p-GaAs under our experi-
mental conditions.

(2) The diffusion of D under our plasma conditions is
enhanced by increased levels of acceptor doping, whilst
being retarded for increased donor doping.

(3) D diffusion is inhibited and the degree of acceptor
(donor) passivation decreases when a thin n ™ region is
present at the surface of p (n) material.

These observations are similar to those seen for hydro-
gen incorporation in Si, and can be explained by hydrogen
having a donor level in the upper half of the GaAs band
gap. In analogy with the explanation of the diffusion and
passivation behavior of H in Si by Pantelides,’ in n-type
GaAs the H is neutral and readily forms H,, which is
nonreactive and less mobile than the atomic species. The
diffusion coefficient of hydrogen for two-species motion
can be represented by!’

[H]
D= —t—d
eff Cxo[(H) DH ’ (2)

where
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FIG. 5. SIMS depth profiles of deuterium in n-type GaAs (Si
doped, 1 10" cm™3) with a thin n * or p * surface layer exposed
to a D, plasma for 30 min at 250°C. In these samples the plasma
was extinguished after 30 min, and the samples cooled in molec-
ular deuterium. This results in a smaller incorporation depth
than in samples cooled in the plasma (Figs. 1 and 2). The near
surface features are consistent with acceptor passivation in the
p T-nsample, and D, molecule formation in the n *-n sample.

Cio(H)=[H]+2[H,] , (3)

where C,,(H) is the total hydrogen concentration, being
the sum of the atomic [H] and molecular [H,] concentra-
tions, and Dy is the diffusivity of atomic hydrogen. Thus
an n layer on p-type GaAs will lead to a slower effective
diffusivity for hydrogen by allowing a relatively greater
formation of H,.

In n-type material the two dominant reactions will then
be

H°+H°—H,, (4)
HO+Sit +e~ —(SiH)° . (5)

This applies equally well for the other donor species.

The exact experimental conditions will determine the
relative importance of these reaction pathways, leading to
a result varying from near complete donor passivation to
a very small degree of passivation, as observed.

By contrast in p-type GaAs the hydrogen will always
be present as H* (H’++h™ —HT™), inhibiting the forma-
tion of molecules because of the Coulombic repulsion in-
volved, and leading to a faster diffusivity than in n-type
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material. At plasma exposure temperatures of 200 °C and
lower there is essentially complete compensation of accep-
tors by an ion pairing reaction

H*+ A4 —(A4AH)?, (6)

where A is Zng,, Cdg,, Bega, or Mgg,. As pointed out
by Pantelides® the passivation reaction, with formation of
the neutral complex, follows the initial compensation of
the acceptor by the hydrogen donor because of the
Coulombic attraction of the two species. At temperatures
above 200°C the compensation is unstable,* and rapid
diffusion of the hydrogen can occur as H*. The higher
diffusion depth at 250°C in samples of higher acceptor
doping levels is a result both of this instability and of the
inhibition of molecule formation, and the fact that more
deuterium was incorporated initially because of the higher
number of available bonding sites (acceptors).

More direct evidence for the dopant deactivation mech-
anisms in GaAs is lacking for a number of reasons. First-
ly, identification of infrared absorption or photolumines-
cence lines related to hydrogen in GaAs is much more
difficult than in Si, where a large body of knowledge exist-
ed from the a-Si(H) area. Secondly, the maximum n-type
doping level in GaAs is limited to < 10'> cm 3 so that IR
measurements looking for isotope shifts in deuterated and
hydrogenated material will suffer from a lack of adequate
signal. Thirdly, bias annealing experiments to monitor
unidirectional drift of hydrogen in GaAs under the action
of an electric field in a Schottky diode structure by mea-
surement of the carrier concentration profile would need
to be performed at quite high temperatures (~200°C) in
GaAs compared to those in Si (~80°C), because of the
considerably greater thermal stability of hydrogenated
dopants in GaAs. Variation with time of the Schottky
contacts on such samples could be a concern. The present
evidence suggests that in n-type GaAs, hydrogen attaches
to the donor ion forming a bond,"? whereas in p-type
GaAs the hydrogen may form an As— H bond.*

In summary, we demonstrate a strong dependence of
the diffusivity of deuterium at fixed temperature and plas-
ma conditions in GaAs on the doping type and concentra-
tion in the material. The results can be explained by hy-
drogen having a donor level in the upper half of the band
gap of GaAs, as is postulated for hydrogen in Si.>’ The
chemical reaction between deuterium and donors or ac-
ceptors is dependent on the charge state of the deuterium
(postulated to be neutral in r-type GaAs and positively
charged in p-type GaAs), leading to donor passivation and
acceptor compensation which may also lead to acceptor
passivation.

The authors acknowledge the SIMS measurements pro-
vided by D. L. Malm (AT&T) and C. A. Evans and As-
sociates (Redwood City, California).
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