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The carbon-hydrogen complex in GaAs is evidenced by its stretching local mode of vibration. It is

shown that even though carbon and hydrogen are present, this complex is not formed in n-type material;
it only appears in p-type material. This is explained by the necessity for hydrogen to be in the positive

charge state for the carbon-hydrogen complexes to be formed. The corresponding hydrogen electronic
level is shown to be located around 0.5 eV above the top of the valence band.

PACS numbers: 61.70.At, 71.55.Eq, 78.50.Ge

It is now well established that hydrogen can passivate
shallow and deep impurities in semiconductors. ' How-

ever, a challenging issue is the understanding of the
mechanisms of the formation of the hydrogen-impurity
complexes and in particular the determination of the
charge states of diffusing hydrogen. In silicon experi-
mental and theoretical results " suggest that diffusing
interstitial hydrogen has both a donor and an acceptor
level within the band gap. In elementary compound
semiconductors, the knowledge about the charge state of
diffusing hydrogen is poorer than in silicon; the diffusion
characteristics of deuterium in p-type GaAs and InP
suggest that in these materials, hydrogen diffuses as a
positively charged species' and very recently the motion
of positively charged hydrogen has been evidenced in p-
type GaAs. ' The aim of this Letter is to show that in

GaAs, hydrogen is positively charged when the Fermi
level is lower than 0.5 eV above the top of the valence
band.

We have studied a whole GaAs ingot grown by the
liquid encapsulation Czochralski (LEC) technique from
a quartz crucible in a normal pressure puller; wet boric
oxide was used for encapsulation. The ingot was inten-
tionally doped with nickel whose concentration is in the
range (0.3-1.2) x 10' cm . This impurity was chosen
because it is known to act as a double acceptor;' ' be-
cause of its segregation it allows one to sweep the Fermi
level through the ingot from the nickel double-acceptor
level 0.4 eV below the conduction-band minimum at its
seed end down to the first acceptor level of nickel 0.2 eV
above the top of the valence band' ' at the tail end of
the ingot. In addition to nickel, the ingot contains the
usual residual contaminants of GaAs: silicon coming
from the quartz crucible, carbon, sulfur, and iron. Hy-
drogen is also present, as in all the LEC-grown GaAs in-

gots, ' ' the source of contamination being the water
present in the encapsulant. The Ni, Ni, and Fe
charge states are monitored by their internal optical ab-

sorptions whereas neutral nickel and iron are monitored
by their electron paramagnetic resonance; all the experi-
ments are performed at liquid-helium temperature and
allow, by the detection of the different charge states of
the impurities, a rough location of the Fermi level in

every piece of samples studied. "Isolated" carbon- and
hydrogen-related centers are studied by the infrared ab-
sorption of their local modes of vibration (LVM).

In the n type (see-d end) and semi-insulating parts of
the ingot, one observes hydrogen-related LVMs slightly
above 2000 cm ' as already reported. ' ' The centers
responsible for these LVMs result from the complexing
of hydrogen with lattice defects; the main one character-
ized by a LVM at 2001 cm ' has been attributed to a
gallium vacancy having one of its dangling bonds sa-
turated by hydrogen. ' The well-known LVM absorp-
tion line at 582 cm ' due to isolated carbon is strongly
observed in this part of the ingot.

In the p-type part of the ingot (tail end), none of the
"usual" hydrogen-related LVM lines around 2000 cm
are observed. However, a rather strong absorption line is
observed at 2635.13 cm '. To our knowledge, this ab-
sorption which is shown in Fig. 1 has not been published
up to now. When the temperature is raised up to more
than 100 K, this transition stays quite sharp which
means that it has a vibrational nature. As the energy of
this LVM is very high, a very light impurity must be in-

volved and, in fact, hydrogen is the most likely candi-
date. The energy of this LVM is too high for hydrogen
to be bonded to an arsenic atom (as is the case for the
LVMs around 2000 cm ') or to a gallium atom. This
means that hydrogen must be bonded to an impurity
atom. If one looks carefully at Fig. 1, one notices that a
smaller line is present at 2628.39 cm '. The ratio of the
intensities of the two lines is sample independent and
slightly above 1%. This means that both lines are relat-
ed: They correspond to the LVMs of two defects having
the same microscopic structure but with two different

1800 1990 The American Physical Society



VOLUME 65, NUMBER 14 PHYSICAL REVIEW LETTERS 1 OCTOBER 1990

r I i i ~ ~ I ~ g ~ r 0 ~

1

12C-H

08.

~ 06

CQ

~ 04.

0.2

0

C-H

FIG. 2. Schematic representation of the C-H complex.
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FIG. 1. Absorption of the C-H local modes of vibrations.
Both ' C- and "C-related modes can be observed.

isotopes of the impurity. This allows one to determine
the impurity to which hydrogen is bonded as we know
that the ratio of the natural abundance of the heavy iso-
tope to the light isotope is slightly above 1%. A check of
an isotope table indicates that the best candidate is car-
bon as [' C]/[' C] =1.12%. The observed isotopic shift
confirms this assignment: The isotopic shift expected for
an imaginary C-H molecule having an energy of vibra-
tion of 2635 cm ' (for ' C) is —7.81 cm ' whereas the
observed one is —6.75 cm '. The fact that the observed
value is below the calculated one is due to the extra
bonding of the carbon atom to three gallium atoms. In
order to support this assignment, we have looked at in-

tentionally carbon-doped GaAs LEC-grown samples: In
such samples these LVMs are also observed. We are
therefore confident that this new LVM at 2635.13 cm
and its associated isotopic one are due to the vibrations
of C-H bonds. Additionally, we have performed experi-
ments under uniaxial stress. It is out of the scope of the
present Letter to detail their results; they show that the
2635.13-crn ' LVM corresponds to the stretching mode
of vibration of bonds aligned along trigonal axes of the
sample. It is to be noted that we could not detect any
wagging mode of vibration related with the same center.
This means that the hydrogen atom is located in a bond-
centered position rather than in an antibonding one. We
are therefore able to specify the microscopic nature of
the carbon-hydrogen complexes. This structure, which is

schematized in Fig. 2, is analogous to the one proposed
for SiA, -H complexes in GaAs; ' it is reminiscent of that
of the B-H complex in Si. It is to be noted that the hy-
drogen passivation of carbon acceptors has been evi-

denced by transport and luminescence measure-
ments, ' but the direct evidence of the resulting corn-

plexes has not been given up to now. The frequency of
the C-H bond in GaAs is about 10% smaller than in mol-
ecules, whereas the frequencies of the equivalent Si-H
and Ge-H bonds in GaAs ' are about 5% smaller than
in molecules; this quantitative diff'erence is probably re-
lated with the smaller covalent radius of carbon.

Therefore, it is clear that even though carbon and hy-
drogen are present in GaAs independently of the Fermi-
level location, C-H complexes are formed only in the p-
type samples. Because of the Fermi-level location, the
shallow carbon acceptors are negatively charged in all
samples investigated. In order to form C-H pairs,
Coulomb interactions require hydrogen to be positively
charged. Therefore, we can conclude that "migrating"
interstitial hydrogen is in a positive charge state (proton)
in strongly p-type samples which is not the case in the
n-type ones.

In order to locate the associated electronic level, we

have investigated samples coming from all parts of the
ingot. An important result is that there is virtually no

part of the ingot where there is a coexistence of the
hydrogen-related complexes giving rise to the LVM lines
around 2000 cm ' with the C-H complex; in the few
small samples (size —I x 1 x I mm ) where it is possible
to observe both types of LVM lines it is quite likely that
in fact there is no coexistence at all but juxtaposition of
two diff'erent zones. The boundary between the two
zones corresponds to the crossing between the Fermi lev-

el and the hydrogen-related electronic level. Therefore,
the determination of the Fermi-level energy (EF) in this
part of the ingot would directly give the energy of the
electronic level associated with diAusing hydrogen. For-
tunately, the study of the unintentional iron impurity al-
lows this determination. Our measurements evidence a
correlation between the Fe absorption and the LVMs
around 2000 cm '. In the small samples showing both
the 2000-crn ' LVMs and the C-H ones, both Fe and
Fe charge states are detected. This means that the
Fermi level in these samples is close to the iron acceptor
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level. This level is well known to be around 0.5 eV above
the top of the valence band. ' Therefore, the electronic
level associated with interstitial diffusing hydrogen is lo-
cated at about 0.5 eV above the top of the valence band
(E,.).

The above discussion is strictly valid at zero tempera-
ture; however, the hydrogen-related complexes are
formed during the cooling stage of the process at temper-
atures of a few hundred degrees centigrade, most prob-
ably below 500'C. At 500'C, the carrier concentration
below which GaAs becomes intrinsic (Fermi level at
midgap) is 10' cm . In our samples, the total im-

purity concentration is in the 10' -cm range. This
means that in the material we have investigated, up to
temperatures around 700'C, the Fermi level is still
governed by impurities. Therefore, we believe that our
previous conclusions remain true.

The validity of our conclusion rests on the assumption
that there is no reaction that involves the capture of free
carriers. For instance, one could imagine a dissociation
of the C-H complexes according to the reaction C-H
+e C +H, H being trapped by the lattice defects
to form complexes with them. The electron e should
come from an impurity when the Fermi level rises. One
could think of an iron effect according to the reaction
Fe Fe +e; but in such a case, the observation of
hydrogen-lattice defects should be accompanied by the
observation of Fe which is in contradiction with our ex-
perimental observations. The same conclusions would be
reached when considering the effect of other impurities
or defects present in the samples. We are therefore
confident of having located an electronic level associated
with migrating hydrogen.

It is not clear to us how the hydrogen-related com-
plexes giving rise to the LVM lines around 2000 cm
are formed. Therefore, we cannot specify with certainty
what is the charge state of hydrogen when the Fermi lev-

el is above E,, +0.5 eV. Two hypotheses can be done: ei-
ther hydrogen is neutral or negatively charged. If hydro-

gen is neutral when EF )E,, +0.5 eV, then our results
evidence that the deep donor level associated with inter-
stitial hydrogen is at E,. +0.5 eV. In the second case, if
hydrogen is negatively charged when EF )E,, +0.5 eV,
then hydrogen is a "negative-U" impurity; i.e., its accep-
tor level is below the donor one. In such a case, the level
we have evidenced at E,, +0.5 eV would be the occupan-
cy level E ( —,+) located midway between the hydrogen
donor and acceptor levels. Our results do not allow one
to discriminate between these two possibilities.

It is to be noted that in silicon-doped strongly n-type
samples (not issued from the ingot described in this pa-
per), we have simultaneously observed the LMVs around
2000 cm ' (already observed in samples when the Fer-
mi level is just above E,, +0.5 eV) and the Sio,-H one.
This could indicate that the same charge state of hydro-
gen is involved in the formation of the 2000-cm ' com-

plexes and the SiG, -H one. This would mean that there
is only one possible hydrogen charge state when EF
& E,, +0.5 eV and therefore that there is no other hydro-

gen electronic level in the GaAs band gap. Therefore,
our results do not support the suggestion that hydrogen
has a donor level in the upper half of the GaAs band

gap.
It is of importance to note that the concentration of

isolated carbon decreases by a factor of 4 when passing
from the zone where the Fermi level is above the
hydrogen-related level to the zone where it is below this
level. This confirms that carbon is involved in the 2635-
cm ' LVM. We did not observe any LVM in the 600-
cm ' region which could be due to complexed carbon.

In this Letter we have shown that interstitial hydrogen
has an electronic level within the GaAs band gap which
is very close to the iron acceptor level, i.e., about 0.5 eV
above the top of the valence band. It is to be noted that
in iron-doped semi-insulating InP, where the Fermi level
is pinned by the iron acceptor level, one observes in the
same sample the LVMs of defects resulting from the
neutralization of zinc acceptors by hydrogen and of
hydrogen-lattice defect complexes. ' One could question
whether, also in InP, interstitial hydrogen has an elec-
tronic level close to the iron acceptor level, i.e., around
0.8 eV above the top of the valence band. '
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