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Negative-U property of interstitial hydrogen in GaAs
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We identify the donor level of interstitial hydrogen in GaAs, which is characterized by the activation
enthalpy E-—E,=0.13 eV. This level is the marker of two different but closely related defect structures, which
are indistinguishable as far as their emission properties are concerned; however, discernible on the basis of
their different dynamical behaviors are revealed by annealing studies. We interpret the two structures as regular
bond center hydrogen H(BC) and bond center hydrogen H(BC'), which is perturbed by the local strain from a
neighbor point defect. We demonstrate negative-U properties of the perturbed structure and infer that the
corresponding acceptor H(7") lies deep in the band gap. These results for interstitial hydrogen in GaAs are in
every aspect analogous to the properties of interstitial hydrogen in Si.
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I. INTRODUCTION

The behavior of hydrogen in crystalline semiconductors
has attracted considerable interest during several decades.
Due to its high diffusion rate and ability to react with a wide
variety of lattice imperfections such as intrinsic point de-
fects, impurities, interfaces, and surfaces, hydrogen is an im-
purity of fundamental importance in semiconductor materi-
als. For example, hydrogen may be embedded during crystal
rinse in device processing steps typically forming bound
complexes with intentional dopants and other defects passi-
vating them and thereby modifying the electrical activity. A
natural starting point for investigating the effects of hydro-
gen incorporation is to determine the properties of isolated H
atoms interacting with a perfect semiconductor crystal. How-
ever, despite the vast amount of work on hydrogen in semi-
conductors, only isolated H species in the elemental materi-
als, Si and Ge, and in SiGe alloys has been unambiguously
identified.

The properties of isolated hydrogen embedded in Si are
well understood.!=* The H impurity may exist in three differ-
ent charge states H*, H°, and H™ depending on which site in
the crystal lattice it occupies.>3 These charge states give rise
to either a donor level (0/+) ascribed to hydrogen at the
bond center site (BC) or an acceptor level (—/0) ascribed to
the tetrahedral interstitial site (7). The acceptor level is in
some presentations* defined as the change in energy when
hydrogen emits an electron, and as a result jumps from the 7
site to the BC site . This definition connects to another im-
portant feature, namely, the inverted order of the donor and
acceptor levels (i.e., the negative-U property). For a
negative-U system lattice relaxations overrule the Coulombic
repulsion between bound carriers so that the second carrier is
bound more strongly than the first one. This is in contrast to
a normal defect where the second carrier is more loosely
bound. For the case of hydrogen then the emission of the first
electron from H™(7) is followed immediately by the emission
of the second electron from H(BC) provided that the barri-
ers for the jump between the two sites can be neglected.
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However, at low-temperature hydrogen must indeed over-
come a significant barrier with the consequence that H(BC)
is metastable rather than unstable. Furthermore the H™(T)
emission may initiate rapid migration of H’ through the open
interstitial areas of the Si lattice in competition with H°
jumping into a bond center site.

It should be emphasized that the notation BC and T sites
is not necessarily restricted to the sites of the undisturbed
silicon lattice. It has been shown that local strain caused by
nearby impurities such as interstitial oxygen,> substitutional
site carbon,’ or germanium® modifies the properties of the
isolated hydrogen configurations weakly. Therefore, it is sen-
sible to talk about perturbed versions of the BC or T sites
rather than new defect structures.

Similar charge states of H and its configurations (in Ge as
well) were predicted’” and observed.® However, contrary to
the Si case the single acceptor level of hydrogen in Ge is
believed to be resonant with the valence band. In compound
semiconductors such as the III-V semiconductor GaAs, the
general features of the behavior of isolated H are also ex-
pected to be similar to that in Si.” Thus, for example,
Bonapasta et al..’ by analyzing the atomic arrangements and
the electronic charge distributions for isolated H in the pres-
ence of a deep donor—the Asg, antisite defect—predicted an
inverted order of the isolated H levels in GaAs. Based on this
theoretical work it is inferred that the stable site of H in
intrinsic GaAs is antibonded to the As site, whereas neutral
H is metastable at the bond centered position. On the other
hand, in p-type GaAs the stable configuration is H* at the
bond center site. In n-type material H™ is ascribed to the
interstitial tetrahedral site in average as a result of possible
jumping between antibonding sites. Until now, except for a
few measurements in GaAs, there is very little direct experi-
mental information regarding the individual isolated hydro-
gen states and most reported properties are inferred indirectly
with assumptions as to which these hydrogen related centers
may be present. The existence of the donor level of H in
n-type GaAs was reported briefly in our previous work.!
The present paper extends this work providing additional

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.035211

KOLKOVSKY et al.

information on diffusion and charge state properties of iso-
lated H in GaAs. A detailed analysis of isolated hydrogen
related defects generated by low-temperature hydrogen im-
plantation in combination with in situ application of the
high-resolution Laplace deep level transient spectroscopy'!
(Laplace DLTS) will be presented.

II. SAMPLE PREPARATION

The samples used in the present study were prepared from
liquid encapsulated Czochralski-grown n-type GaAs crystal-
line material on which Schottky diodes have been formed by
vacuum evaporation of gold on the polished side of the
samples. The concentration of electrons at room temperature
was 1 X 10" ¢cm™ and even higher at elevated temperatures.
However due to a high concentration of deep compensating
defects, this reduces to around 2 X 103 c¢cm™ at 60 K. This
low carrier concentration at the measurement temperature al-
lows hydrogen to be implanted with a range well inside the
space-charge region of a suitably reverse biased Schottky
diode. Supplementary crystals with very little compensation
and with no carrier freeze-out were also used. These crystals
had 4Xx10'® cm™ electron concentration and this value
stayed practically unchanged in the whole temperature range
investigated. However, the high number of electrons made
the Schottky junction too shallow for a direct implantation.
Consequently these highly doped samples were implanted
through a 1.3 um gold foil in order to slow down the im-
planted atoms and make the range match the active depth of
the junction. Thus, in order to obtain a reasonable strength of
the DLTS signals much larger implantation doses were
needed, which in turn caused a higher damage level in the
crystal and more local strain. Furthermore, the higher elec-
tron concentration also means larger electric field in the
space-charge region, which for a donor state makes the ther-
mal emission rate have a spatial distribution. As a result, the
Laplace DLTS peaks observed with the shallow junctions
were rather broad, which made the experimental conditions
less favorable. As a consequence, we used the shallow junc-
tions only for the comparison of He and H implantations.

The samples were mounted on the cold finger of a cryo-
cooler and implanted with protons at temperatures around 60
K. The implantation energy was chosen so that the peak of
the implant matched the depletion width of the diode (around
20 wm) under suitable reverse bias at the implantation tem-
perature. For hydrogen implantation the energy was typically
1 MeV, which for GaAs corresponds to an implantation
depth of ~17 um. The GaAs samples were implanted with
a series of shots up to the total dose of ~3 X 10! cm™2. All
implantations were monitored in sifu by capacitance-voltage
(CV) profiling and subsequent Laplace DLTS measurements.

III. EXPERIMENT RESULTS AND ANALYSIS
A. Implantation

Figure 1 shows the depth profile of the carrier concentra-
tion derived from the CV measurements of a GaAs sample
before (triangles) and after (squares and cross symbols) pro-
ton implantation. The diode was unbiased during the implan-
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FIG. 1. Carrier concentration versus depth derived from the CV
profile before (triangles) and after [squares and cross symbols (see
details in the text)] implantation. The increase in the carrier profile
at around 16 um coincides with the peak concentration of protons.

tation. In this case toward the end of its slowing down a
fraction of the initially positive hydrogen implants is ex-
pected to capture electrons and possibly migrate in the neu-
tral charge state. Ultimately then, from this quasithermal en-
vironment of the collision cascade hydrogen may at low
temperature end up in a bond center position as metastable
H° or in a near-T site as H™ upon capture of an additional
electron. This picture anticipates the expected negative-U
character and the existence of a barrier separating the
H%(BC) and H(T)/H(T) configurations. The total implan-
tation dose, which corresponds to the curve shown with
squares in Fig. 1, was estimated to be about 3 X 10!® cm™.
The curve indicates the presence of a donor compensation
caused by the implantation. However, the compensation pro-
file is much too broad to be accounted for by the implanta-
tion straggling, giving rise to overlapping secondary vacancy
and hydrogen profiles at the implantation range. Hence, it
can be directly deduced from the as-implanted CV profiles
that considerable migration has taken place during the im-
plantation carried out at 60 K. Due to the overlap of vacancy
and hydrogen profiles and a possible counter compensation
from H™, one cannot deduce the number of H* implants di-
rectly from the shallow donor compensation profile. How-
ever, a clear increase in the donor concentration is observed
at around the implantation range of 16 wm.

Figure 2 depicts typical Laplace DLTS spectra recorded at
65 K for the GaAs sample implanted in succession with in-
creasing doses of protons. As seen in the figure, the ampli-
tude of the dominant line at the emission rate of 10 s~! in-
creases as a function of the proton dose. After the total
irradiation dose of around 3 X 10'° ¢m™, a sharp dominant
line is observed [Fig. 2(c)]. This line clearly indicates a mo-
noexponential transient related to a single well defined en-
ergy level. Using Arrhenius analysis, this level is character-
ized by the activation enthalpy of emission E-—E,
=0.13 eV and a pre-exponential factor equal to 5.5
X 107 s7! K. The defect concentration corresponding to this
Laplace DLTS peak was evaluated to be ~10'* cm™ and,
thus, at least the main part of the donor compensation indi-
cated in Fig. 1 most likely stems from this defect. Further-
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FIG. 2. Laplace DLTS spectra recorded at 65 K in proton irra-
diated GaAs to different doses (a), (b), and (c). The spectrum in (d)
is taken after subsequent illumination of the proton irradiated
sample for 30 s.

more, direct profiling of the DLTS signal shows that this
signal originates from the same depth region as the CV pro-
files shown in Fig. 1 and is similarly broadened. However,
the signal accounts only for about 15% of all implanted hy-
drogen. This experimental fact in combination with the ob-
served broadening of the compensation profile strongly sug-
gests that the migration during implantation also leads to the
trapping of hydrogen in unknown mostly neutral defect
structures. It is important to note that no signals have been
observed at the measurement temperature prior to the proton
implantation. Furthermore, hydrogen and helium implanta-
tion were compared with the noncompensated samples for
doses leading to a similar damage level in the two cases. The
absence of a peak at the emission rate of ~10 s~! for the
He-implanted sample shows unambiguously that this re-
corded emission peak is related to hydrogen.

This assignment to hydrogen can be corroborated with the
conventional DLTS scans carried out. The conventional
DLTS spectra recorded for as-grown (solid line) and proton
irradiated (dashed line) GaAs are shown in Fig. 3. In the
as-grown sample two dominant peaks are observed at around
170 and 270 K. These peaks have been earlier assigned to
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———- after implantation
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FIG. 3. Conventional DLTS spectra for as-grown (solid line)
and proton irradiated (dashed line) GaAs recorded with the follow-
ing parameters: ¢,=20 s~!, Vp==5 V, V,=—0.5 V, and t,=1 ms.
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FIG. 4. The normalized change in concentration of the trap re-
sponsible for the dominant line seen at the emission rate of 30 s~
at 65 K in the Laplace DLTS spectrum upon 15 min isochronal
annealing steps. The bias was off during each step.

ELS and EL3. The ELS defect is associated with the Ga-As
vacancy complex, Vg,-Vae'2 while the microscopic structure
of EL3 was determined as off center substitutional oxygen
on the arsenic site, O ,.!>!* Besides the two dominant peaks
shown in Fig. 3, minor features—labeled EL6 and EL7 in the
present work—were detected in the DLTS spectrum. EL6 is
believed to be the complex As antisite (As vacancy,
AsGa-Vag) >3 whereas the EL7 defect is unidentified. It
should be noted that increasing the temperature above 330 K
allows the EL2 midgap level to be observed. The arsenic
antisite (Asg,) is generally accepted to be the most realistic
model, which describes its structure.!® Due to the very high
intensity of EL2, which is about three times higher than the
dominant lines of the spectra, the content of the figure is
limited to the temperature range below 300 K. The introduc-
tion of hydrogen results in an intensity increase in the EL5
and its left side satellite EL6. Additionally, a new peak de-
noted H*'? is observed at around 65 K. A comparison of the
intensity and position of H*? with the line observed in the
Laplace DLTS spectrum [Fig. 2(c)] shows that both of them
represent the same defect.

B. Annealing studies

The normalized changes in intensity of the H*® trap upon
15 min isochronal annealing are shown in Fig. 4. The diode
was unbiased during each annealing step. Therefore, at low
temperature the level H? is occupied with an electron. As
seen in Fig. 4 the annealing consists of two main stages. The
first one occurs within the range of 60-110 K. In this range a
drop of about 70% in the intensity of H*® is found. No
significant difference between bias-off and bias-on annealing
has been observed for this low-temperature stage. In the
range of 110-450 K the amplitude that remains in the H*"
line first increases to almost 50% of its initial value and after
that stays essentially constant until the second stage of an-
nealing sets in, starting from 450 K. It should be emphasized
that the increase in H*'® shown in the figure at ~200 K was
absent for implanted samples exposed to light at 60 K prior
to the annealing. The remainder of the H** defect anneals

035211-3



KOLKOVSKY et al.

completely at about 530 K. Because the Fermi level at the
temperature of the second annealing stage must be below the
level energy, it is reasonable to assume that the annealing
actually occurs in the positive charge state of the defect.
Hence, for the neutral state we can only claim that it anneals
above the temperature where the Fermi level crosses the
level position. Similarly for bias-on annealing the H*'" re-
mainder stays constant up to 350 K. However, due to experi-
mental difficulties, we could not follow the reverse bias an-
nealing to higher temperatures. In view of the expected bias
independence of the charge state in this temperature range
this seems unimportant.

Until the second stage of the annealing, the full initial
H* signal can be recovered by light illumination at about 60
K. This procedure can be cycled with no loss of the total
signal. However, as seen in Fig. 1(d) the recovered peak is
shifted to a higher emission rate and its intensity is increased
to about 15% as compared to the as-implanted signal. We
ascribe this shift to an artifact linked with the presence of the
strong EL2 midgap signal in our GaAs samples. During
some minutes this signal gradually shifts back to its original
position at the emission rate of 10 s~'. The shift occurs col-
lectively, i.e., the position of the peak moves back to the
original position without the broadening of its shape. Hence,
it can be ruled out that a conversion between two similar
defect configurations could be responsible for the shift. A
peculiar characteristic of the EL2 defect is the existence of a
metastable configuration of this defect, which upon illumina-
tion with light can give rise to metastable photoconductivity
thereby influencing the number of electrons in the depletion
layer of the Schottky diode. We conjecture that reverse bias,
decay leakage photocurrent generates impact ionization and
thereby causes the shift in emission rate. This conclusion is
corroborated by the observation that for some diodes a simi-
lar shift has been observed when comparing signal positions
for different bias settings during measurement. The low bias
positions of the peak were shifted toward faster emission
rates. This may likewise be ascribed to an increase in leakage
current. For the heavily compensated material we assume
that the impact ionization overrules the weak Poole-Frenkel
shift to be expected for the donor signal.

The increased intensity of the recovered peak compared to
the intensity just after implantation indicates that the illumi-
nation picks up some hidden interstitial hydrogen and trans-
fers it to the H¥? configuration. Finally, it is important to
emphasize that no further changes in the intensity of the first
recovered H*" signal were observed after subsequent anneal-
ing and repeated recovery by illumination.

As seen in Fig. 3 the introduction of hydrogen into the
samples does not lead to the appearance of any other peaks
observed during the temperature scan, except for the one
which was assigned to the donor state of interstitial hydro-
gen. The change in the intensities of EL5 and EL6 seen in
Fig. 3 may be explained as a result of the creation of an
additional number of these defects—as, for example, primary
defects during the hydrogen implantation. Indeed, in this
case a great number of nonequilibrium vacancies are injected
into the crystal—which can interact, for example, with the
Asg, defect forming EL6 or with Vg, creating ELS. This can
be the case here. However, it cannot be ruled out that for
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instance the increase at the ELS position may account for the
missing hydrogen, for example, in the form of a vacancy
related dangling-bond state of similar structure as EL5. One
should note also that no changes in the intensity of the domi-
nant peaks and their minor satellites were observed after an-
nealing at room temperature when, as explained above, the
loss of the H*® hydrogen signal is about 70%. This clearly
indicates that the H*® hydrogen does not interfere with the
defect structures responsible for the dominant peaks.

C. Negative-U property

As mentioned in the introduction we anticipate the exis-
tence of an acceptor level associated with hydrogen occupy-
ing the T site and a donor level associated with hydrogen
occupying the BC site. Together these levels form a
negative-U system in the phenomenological sense that the
donor level lies above the acceptor level in the band gap. The
two defect configurations may relax into one another, which
is controlled by the charge attached to the hydrogen impurity.
However, in contrast to an ordinary negative-U system the
associated swing of hydrogen between the two positions in
the GaAs lattice involves a significant barrier, which at suf-
ficient low temperature allows the coexistence of H(BC)
and H™(7) in n-type material. This property forms the basis
for the measurement described below.

It should be emphasized that there is no direct indication
for the existence of the acceptor level in the conventional
DLTS spectra recorded after the implantation (Fig. 3), which
suggests that such level lies deeper in the band gap hidden
for the DLTS measurements. The acceptor and donor levels
of isolated hydrogen are anticipated from theory’” to form a
negative-U system. However, no unambiguous experimental
evidence for that has been obtained so far. In order to dem-
onstrate the negative-U property, as described above, we
shall examine the correlation between the amounts of charge
bound as H" and H™. A key point for this is the property of
the H*'? signal that can be recovered by illumination, which
for a biased diode we may interpret as a direct conversion
from the H™(7) state to H*(BC). When this is the case it is
expected that the change in the capacitance, as a result of the
light excitation of the electrons bound in the hypothetical
acceptor state H(7) and the subsequent swift relaxation into
H*(BC), should be a factor of two that is larger than the
change resulting from the carrier emission of the associated
metastable donor state HY(BC). On the other hand, this ratio
should be equal to one for the positive-U system when the
acceptor level lies closer to the conduction band than does of
the donor level. Thus, for different intensities of the signal
H*? as measured by Laplace DLTS after regeneration by
illumination and partial annealing, we obtain a set of values
of the transient capacitance amplitudes relative to the satura-
tion value. These different values are denoted as ACypyrs
and compared in Fig. 5 to the corresponding values ACcy of
the change in total capacitance when the sample is illumi-
nated to recover the initial H*® signal for each pertinent
DLTS recording. The same reverse bias voltage was applied
in both sets of measurements. As seen in the figure, a perfect
linear correlation with a slope of two is revealed between the
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FIG. 5. The change in the total capacitance of the GaAs sample
caused by illumination as a function of the corresponding change in
the transient capacitance observed by Laplace DLTS measured be-
fore and after the illumination.

two AC sets. We take this as an unambiguous proof of the
negative-U property of interstitial hydrogen in GaAs. It
should be noted, however, that this statement refers only to
the part of H"? that anneals in the first stage. The precursor
for the recovery of H*'? anneals at ~450 K indicating that
the acceptor level lies very deep in the band gap, presumably
in a lower half, because we have to assume that the annealing
is initiated by thermal electron emission. Now in perfect
analogy with a similar result for Si’, one can suppose that
H*9 in reality consists of two signals stemming from a per-
turbed and unperturbed form of bond center hydrogen. The
experimental fact that the part of the H*'? signal belonging to
the first annealing stage can be recovered repeatedly with no
loss in amplitude strongly suggests that this part originates
from a hydrogen defect, which is locked in the GaAs crystal
by local strain. Otherwise successive illuminations would
cause additional broadening of the implantation profile and
eventually lead to removal of hydrogen from the depletion
layer. As a natural consequence of this conclusion, we assign
the rest of the H*' signal to the regular bond center position
of hydrogen. It is remarkable then that we are dealing with
two types of defects, which can be discerned by their differ-
ent dynamical behavior but so close in level energy that they
appear in the DLTS measurements as the same defect. As
stated above these finding are very analogous to the situation
in silicon, which we shall lean heavily on in the discussion
section below.

IV. DISCUSSION

The results and analysis presented in the previous sections
strongly favor the assignment of the H*C signal in the
Laplace DLTS spectrum to two independent but very similar
donor states of interstitial hydrogen. Moreover, combining
the experimental findings with the theoretical predictions, we
conclude that hydrogen occupies a bond center type configu-
ration in both cases. It was shown in Ref. 2 that in an
oxygen-rich hydrogen-implanted silicon diode up to 80% of
the implants is initially embedded as H(BC) and the rest as
H(BC)-0; depending on the implantation conditions. In this
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case the initially observed donor profile was much sharper
than the present CV data for GaAs. This is consistent with
the result that in the present case only about 15% of the
implants are embedded in the bond center configuration just
after implantation. In fact the experimental analogy goes
much further as already mentioned. The H(BC)-O; defect in
Si anneals at very low temperature in the neutral charge
state. It is, however, stable in the positive charge state and
can be completely recovered at low temperature under re-
verse bias illumination just as H** in the present investiga-
tion. Furthermore, the negative-U property of hydrogen in Si
has been revealed in the same way as in the present work.
Hence, it is perfectly possible that this analogy can be ex-
tended even further to assume that the fraction of H*°, which
anneals at low temperature, likewise originates from a bond
center configuration, which is strained by neighboring inter-
stitial oxygen, whereas the fraction that survives room-
temperature annealing originates from a regular unperturbed
bond center configuration. Hereafter, the perturbed and un-
perturbed fractions of H*° are denoted as H(BC) and
H(BC'), respectively. First we shall discuss the H(BC) con-
figuration.

Using the infrared (IR) absorption technique, Stein ez a
observed local vibrational modes (LVM) that indicates the
preference of chemical bonding of hydrogen to both the As
and Ga host constituents of GaAs following hydrogen im-
plantation at 80 K. In contrast to this the room-temperature
implantation of hydrogen leads to the appearance of local
vibrational modes only from the Ga-H bonds, whereas the
modes originating from the As-H bond are absent. Hence, for
low-temperature implantation, an apparent preferential for-
mation of As-H bonds was observed. This tendency was ex-
plained by lattice strain and selective bonding on defects
produced on the Ga sublattice that exposes weak As dangling
bonds capturing hydrogen.

It is tempting to correlate the survival in the IR studies of
the Ga-H signal to above room temperature with H(BC) as-
cribed to the regular bond center position in the present
work. The formation of Ga-H centers was investigated in
details in Ref. 17. It has been concluded that after a low-
temperature implantation these complexes are predominantly
formed during subsequent annealing of unstable As-H cen-
ters between 180 and 250 K. Hydrogen atoms, which are
released during this annealing, were concluded to be avail-
able for retrapping by Ga. This experimental result is consis-
tent with theoretical findings,'® which predict that bond cen-
tered hydrogen in GaAs forms a stronger bond with a Ga
neighbor because of its lower electronegativity (3.28) when
compared with the electronegativity of an As neighbor (3.9)
in an undamaged lattice. This conclusion is further supported
by the fact that the small differences in the atomic masses,
bond energies, and bond dissociation energies of Ga and As
play a minor role.'%?

The identification in the present work of the surviving
fraction of the H*'? signal as H(BC) is in accordance with the
conclusions obtained from the IR data. With this identifica-
tion H(BC) may be correlated with the 1834-cm™' band as-
signed to a stretch mode for Ga-H bonds when it is assumed
that bond center hydrogen form a much stronger bond with
Ga than with As. Moreover, this assignment is consistent

1.17
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with the increase in the intensity of the H*° line at about 200
K by up to 50% of its initial value as shown in Fig. 4. This
increase is believed to be due to the release of hydrogen from
hidden centers invisible to the capacitance techniques. How-
ever, since the increase does not influence the ability to re-
cover the H(BC') by illumination, one can conclude that the
source for the increase is not linked with the annealing of the
precursor for this defect, rather the connection between the
two fractions of H*'? and/or their precursors is related to the
competition in their formation during implantation and sub-
sequent illumination.

As for the nature of the H(BC’) structure, one can specu-
late that the annealing H(BC') — H(T") of the unstable frac-
tion of H*'* results from a jump of hydrogen from the bond
center Ga-H position to an interstitial 7 site opposite to the
antisite (Asg,), i.e., to a structure As;As-H where a Ga
neighbor was replaced by As. If this is the case, the parent
defect H(BC)-Asg, can be chosen as a possible alternative to
the H(BC)-0O; found in Si. The possible existence of such an
antisite perturbed hydrogen defect has been proposed to ex-
plain the formation of a dominant 2029-cm™! band in the IR
spectrum of GaAs after implantation at 80 K. During the
implantation of hydrogen, multiple displacements of atoms
from their regular periodic positions take place. It is believed
that the As-H bonds form at As vacancy (V,) or Frenkel pair
(Vas-A,;) displacement defects on the As sublattice.?!=2*
Similar conclusions have been made using DLTS studies.?
However, the Ga vacancy centers (Vg,), which are expected
to be a dominant defect in implanted crystals have never
been observed. This indicates that this defect is mobile below
room-temperature  forming, for example, Asg,As3-V
complexes.?® Stein et al.'” suggested that V,, in these com-
plexes can interact with hydrogen forming As;As-H defect,
which is perturbed by the presence of Asg, This defect
structure would be identical to the one proposed above.

However, if we are indeed dealing with the same defect in
these two cases, we should explain why their annealing prop-
erties are so different. In the DLTS study the defect is stable
for heating up to about 450 K, at which temperature H(BC")
can no longer be recovered. In contrast to this the 2029-cm™!
band disappears completely at room temperature. This appar-
ent inconsistency might be related to the extreme difference
in the hydrogen doses in the two cases (~10" and
~10" cm, respectively). In the IR samples the Fermi level
will be pinned near midgap and this might force hydrogen
out of the negative charge state at a much lower temperature
than in the DLTS case. This may in turn cause annealing and
migration eventually leading to formation of H(BC), as
would be indicated by the increase in the 1834-cm™' band
assigned tentatively to this defect.

It should be emphasized that the possibility of assigning
H(BC’) to H(BC)-Asg, relies on the availability of enough
antisites to compete with possible trapping of oxygen. As
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mentioned previously the crystal used in the present work is
strongly compensated with the EL2 defect, and because of
the strong compensation it is not possible to evaluate prop-
erly the concentration of EL2 from the conventional DLTS
spectrum. Moreover, assuming that the structure of EL2 con-
sists of Asg,, the signal is so much stronger than the hydro-
gen signals in which it is not possible to detect a drop in the
abundance of this center caused by the trapping of hydrogen.

Finally, we address the experimental result that only about
15% of implants enter the bond centered position during the
low dose implantations and only a minor increase is achieved
by subsequent illumination. This means that immediately af-
ter the implantation very little hydrogen is present as
H(T’)—which, from the annealing and negative-U measure-
ments, are shown to act as precursors for the formation of
H(BC’). Tt is not likely either that any significant amount of
hydrogen is present at the regular 7 sites because illumina-
tion does not cause an increase in H(BC). As a consequence,
one can assume that about 80% occupy electrically inactive
defect structures. It is, however, possible that hydrogen com-
bines with vacancies generated during the implantation and
forms dangling-bond structures with electrical properties
similar to the ELS5 defect. Hence, the increase in the position
of the ELS5 line observed could be hydrogen related but the
increase could of course also be caused by the implantation
generated vacancies themselves.

V. SUMMARY

To conclude we have identified a donor level of interstitial
hydrogen in GaAs, which is characterized by an activation
enthalpy of emission E-—E,=0.13 eV and a pre-exponential
factor equal to 5.5X 107 s~! K2. The level refers to two dif-
ferent defect structures, which are indistinguishable as far as
their emission properties are concerned, but could be dis-
cerned on the basis of their different dynamical behaviors.
We have ascribed the two structures to regular bond center
hydrogen H(BC) and bond center hydrogen H(BC’), which
is perturbed by the local strain from a neighbor point defect.
The Asg, antisite is considered as one of the plausible can-
didates for the perturbing defect. We have demonstrated the
negative-U properties of the H(BC')/H(T') system and in-
ferred from the annealing properties that the corresponding
T'-site acceptor level H”~(7") lies deep in the band gap. The
results obtained are in every aspect similar to the properties
of isolated hydrogen in Si. Analog annealing stages have
been identified although the actual values of barriers differ
considerably.
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