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Formation and decomposition of hydrogen-related electron traps
at hydrogenated Pd ÕGaAs „n-type … Schottky interfaces

H.-Y. Niea)

Surface Science Western, The University of Western Ontario, London, Ontario N6A 5B7, Canada

~Received 26 August 1999; accepted for publication 24 January 2000!

We demonstrate a capability for exploring the behavior of hydrogen at a Pd/GaAs~n-type! Schottky
interface containing a native oxide. By applying a large forward current to such a hydrogenated
interface, a remarkable reduction of the hydrogenation effect was observed. Formation of
hydrogen-related electron traps near the interface could be responsible for this reduction of
hydrogenation effect. Moreover, evidence was observed for the decomposition of those electron
traps when hydrogen was forced to diffuse out from such interfaces. ©2000 American Institute of
Physics.@S0021-8979~00!04909-4#
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I. INTRODUCTION

The adsorption of hydrogen on solid surfaces of tran
tion metals has been extensively investigated.1 On Pd sur-
faces, hydrogen is found to dissociate to atomic hydro
which diffuses into the bulk of the metal; this results in
change in the electrical properties of the Pd/oxid
semiconductor interface.2 This change is reversible durin
cycles of hydrogenation and dehydrogenation,2 correspond-
ing to a process where the device is cyclicly exposed
hydrogen ambience and oxygen ambience. It is known
there is an increase or decrease in the barrier height for
hydrogenated n-type or p-type Schottky interfaces
respectively.3–5 This change of barrier height is believed
result from the formation of an effective dipole layer, whic
is effectively positive charge, induced by hydrogen at
Pd/oxide interface.2 This formation of a dipole at the inter
face is considered as ans-type hydrogen adatom which lo
cates interstitially on the Pd surface and is not bounded
any fixed Pd atoms and can be considered a special case
proton.6 There have been reports of the hydrogenation
dehydrogenation performance of Pd/semiconductor dev
for sensing hydrogen gas or for exploring the mechanism
water formation on Pd surfaces.3–7 In addition, the presence
of interfacial hydrogen has been used in studies of me
semiconductor reactions.4,5,8 In a Pd/GaAs Schottky interfac
with a thin native oxide on the GaAs substrate, electri
properties have been shown to be sensitive to the presen
interfacial hydrogen.4,5 This provides a convenient probe fo
exploring the interaction between the hydrogen and electr
at Pd/oxide interfaces.

Other studies of interfacial hydrogen have used Fowl
Nordheim injection of hot electrons through a metal/SiO2/Si
interface to induce hydrogen-related interface states.9–12

Also, plasma hydrogen implanted into Si and GaAs is fou
to compensate acceptors.13–15 In those cases, source of hy
drogen is considered to be involved in trap formation at
interface of the Si/SiO2 and the carrier center compensati
in the semiconductor bulk. In this article, we report a n
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phenomenon at hydrogenated Pd/GaAs Schottky interfa
where an interaction occurs between the hydrogen accu
lated at the interface and the electrons flowing from the se
conductor through the interface. This flow of electrons
caused by a forward bias voltage applied to the interfa
lowering the potential barrier for electrons in the conducti
band of the semiconductor. An apparent reduction is
served in the hydrogen induced interfacial charge dur
such large forward currents flow. The unique approa
which we used to investigate this phenomenon was to
move the hydrogen from the Pd film after the forward cu
rent flow so that not only the formation of electron traps b
also the decomposition of these electron traps were ex
ined. Measurement of capacitance changes showed evid
for a direct relationship between the presence of hydro
and the formation of electron traps caused by forward curr
flow.

II. EXPERIMENT

Thin films of Pd with a thickness of;15 nm and a
diameter of 500mm were formed by evaporating palladium
in high vacuum on a vapor phase epitaxially~VPE! prepared
single-crystaln-type GaAs~100! substrate with a carrier con
centration of 2 – 331015 cm23. Prior to the Pd deposition
the GaAs surface was treated in an H2SO4:H2O2:H2O solu-
tion, which results in a formation of a native oxide on th
surface. For comparison, a GaAs surface free of oxide
also prepared by immersing the substrate in a~NH4!2Sx so-
lution. This treatment results in a GaAs surface covered w
an atomic layer of sulfur instead of a native oxide.16 There-
fore, we prepared two types of Pd/GaAs Schottky interfac
one with a native oxide layer and the other with no oxygen
the interface. In this article, unless specifically described,
Pd/GaAs Schottky interface refers to the one with a nat
oxide layer. The Pd/GaAs Schottky interface without an o
ide layer was used to confirm that there are no deep leve
the GaAs substrate used in this study. Details of the Ga
surface treatments and Pd/GaAs Schottky structure prep
tion was described elsewhere.4
7 © 2000 American Institute of Physics
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The electrical property reported in this study was capa
tance measured at zero bias voltage with a capacitance m
at a frequency of 1 MHz. The capacitance is a reflection
the effective charge at the interface~at the metal side! bal-
anced by the space charge in the semiconductor. In the
of the n-type semiconductor, the space charge~donor! will
decrease if the negative charge at the metal side decre
resulting in an increase in capacitance or a decreas
Schottky barrier height.4,17

The hydrogenation was performed by flowing hydrog
gas into an evacuated sample chamber. The pressure o
hydrogen gas increased rapidly to;1 atm. Electrons flowing
through the Schottky interface was controlled with a p
sonal computer by changing the voltage applied between
Pd/GaAs interface so as to maintain a constant forward
rent through the interface with an electrometer. The curr
was applied to the hydrogenated Pd/GaAs~n-type! Schottky
interface for a certain period of time at a density of 0.
A/cm2; this is larger than the largest current usually used
measure the barrier height in current–voltage measurem4

The dehydrogenation was done by evacuating hydrogen
and consequentially exposing the system to air. All exp
ments were performed at room temperature.

III. RESULTS AND DISCUSSION

Figure 1 shows the variation in capacitance of a P
GaAs Schottky interface caused by hydrogenation and t
by applying a large forward current through the interfa
After exposure to hydrogen gas at;1 atm, within 10 min the
capacitance increased to;44 pF (Ch0) from its initial value
of ;33 pF (C0). A minor increase of;1 pF is observed
before the capacitance approaches to saturation. Becaus
step-like increase of capacitance was usually observed
aged samples, its behavior may be explained by effects f
surface contamination. It is known that surface contamina

FIG. 1. Capacitance variance of a Pd/GaAs~n-type! Schottky interface
caused by hydrogenation followed by applying a forward current at 0
A/cm2 for 15 min. The initial and hydrogenated capacitances are indica
by C0 and Ch0. The capacitance after the forward current flow action
indicated byCh1.
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could block the Pd surface for hydrogen adsorption to inh
hydrogen passage.18 After the capacitance became stable
forward current with a density of 0.77 A/cm2 was applied to
the interface for 15 min. When the forward current char
was completed, the capacitance was monitored again
found to have decreased to;36 pF (Ch1). On the other
hand, we confirmed that when flowing a reverse current
the same order of the forward current described above
variation in capacitance was observed.

A notable feature seen in Fig. 1 is that the increase
capacitance after the electron flow occurs extremely slow
compared with that for hydrogenation, where the capacita
increased;11 pF in 10 min. In contrast to this increase
;11 pF in capacitance during the hydrogenation, in the sa
time period of 10 min, the capacitance only increased by
pF after forward current flow. Figure 2 shows the extrem
slow increase in capacitance of the sample kept in hydro
gas. The capacitance only increased to;39 pF (Ch2) in
2500 min. Because the sample was kept in hydrogen am
ence all the time, this extremely slow increase in capacita
excludes the possibility of a simple removal of the interfac
hydrogen being responsible for the decrease in capacita
by forward current flow.

In order to examine whether the observed phenome
is due to deep levels in GaAs and/or oxide/GaAs interfa
traps, we conducted the following two experiments in air.
Pd/GaAs Schottky interface without an oxide layer was u
in the first experiment to determine whether there are
deep levels that respond to forward current flow. Becaus
the absence of oxygen at the GaAs surface, Pd reacts e
with GaAs, resulting in an interface without oxide.4 The
same amount of forward current~0.77 A/cm2! as used in Fig.
1 was applied to this interface for 15 min. No changes
capacitance were observed. This experimental fact cle
demonstrated that there were no deep levels in the G

7
d

FIG. 2. Capacitance variation against time for the Pd/GaAs~n-type!
Schottky interface in hydrogen gas after applying a forward current at 0
A/cm2 for 15 min. The capacitance increased toCh2 after being kept in the
hydrogen gas for 2500 min.
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substrate that could influence the capacitance of the Scho
interface by the large forward current flow.

Knowing that there were no deep levels in the Ga
substrate, we conducted the second experiment which
designed to investigate the effect of intrinsic interface tra
in the oxide on the capacitance change shown in Fig. 1.
applying the same amount of forward current~0.77 A/cm2)
to the Pd/GaAs Schottky interface with a native oxide la
at the interface in air~i.e., without hydrogenation! for 15
min, we observed only a minor decrease of;1 pF in capaci-
tance. Because this experiment was done in air, the chan
capacitance could be explained by a charge-up effect9,19 in-
troduced by current flow through the oxide layer at the int
face. Moreover, for this sample, by introducing hydrogen g
and consequently applying the forward current to the in
face, we observed a similar hydrogenation and dramatic
pacitance reduction as those shown in Fig. 1, except fo
offset of the;1 pF. With such a minor effect on the capac
tance change, therefore, it is clear that the intrinsic interf
traps in the oxide cannot explain the decrease in capacit
shown in Fig. 1.

Because it is the forward, not the reverse current flo
which changes the capacitance of the hydrogenated Pd/G
Schottky interface, the decrease of capacitance due to
forward current flow as shown in Fig. 1 can be conside
analogous to a formation of hydrogen-related electron tra
We will first discuss the mechanisms of electron trappi
Electrons moving through a metal/semiconductor interf
could be trapped by electron traps whose energy levels
below the Fermi level of the semiconductor. A forward bi
voltage applied to the Pd/GaAs Schottky interface result
a higher Fermi level17 of GaAs at the interface compared
that of Pd and lowers potential barrier for electrons to mo
to the Pd from the conduction band of GaAs. This act
would result in the decrease in capacitance as observe
Fig. 1. We have shown that the intrinsic interface traps in
oxide themselves could only account for a minor part of
decrease in capacitance as observed in Fig. 1. There
hydrogen at the hydrogenated Pd/GaAs interface has t
involved in the formation of the electron traps responsible
the observed decrease in capacitance. It is clear, there
that the forward current flow results in both the formation
hydrogen-related electron traps and their trapping of e
trons.

Having excluded the two ‘‘conventional’’ possibilitie
described above for the decrease in capacitance of the hy
genated Pd/GaAs Schottky interface, we now will propose
alternative mechanism for the formation of hydrogen-rela
electron traps at the interface. The hydrogenation of
GaAs interface was usually stable if the temperature and
hydrogen ambience did not change~i.e., equilibrium state!.
However, ans-type hydrogen adatom is not bound to a
fixed host atoms.6 It has, therefore, ability to move if ther
were certain disturbance applied to the equilibrium state.
example is the dehydrogenation of the hydrogenated
GaAs interfaces when they are exposed to oxygen amb
ence or heated in vacuum.3,4

From our experimental results, it is apparent that
forward current flow changes the charge state at the hy
ky
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genated Pd/GaAs Schottky interfaces. The variation in
pacitance caused by forward current flow shown in Fig
could be explained by the displacement of the hydrogen
the native oxide layer of the GaAs surface where the hyd
gen forms electron traps~probably with other elements! and
traps electrons. The driving force for the movement of h
drogen into the oxide layer could be the electric field at
interface caused by the applied forward bias voltage.

Having proposed that the forward current flow results
the formation of hydrogen-related electron traps at the
drogenated Pd/GaAs interface, we noticed that the rev
process, i.e., decomposition of these traps, would prov
more insight into the formation of the electron traps. Th
we conducted an experiment to expose the system to air s
to force the hydrogen to withdraw from the interface and
Pd film. Curve~a! in Fig. 3 shows the capacitance variatio
of a conventional hydrogenated sample after the sample
exposed to air~i.e., dehydrogenation!. Two other hydroge-
nated samples were given a forward current at 0.77 A/c2

for 15 min to see the dehydrogenation difference compa
to that for the conventional one shown in curve~a!. Curve
~b! in Fig. 3 shows capacitance variation of the sample
posed to air immediately after the forward current flo
Curve ~c! in Fig. 3 shows the capacitance variation for t
sample that had been kept in hydrogen gas for 2500 min a
the forward current flow.

We first examine the variation in capacitance for co
ventional dehydrogenation. As shown in curve~a! in Fig. 3,
the capacitance of the sample exposed to air decreases
time. This is characterized by three different regions. Wh
the hydrogenated sample is exposed to air, hydrogen in
Pd film and at the interface diffuses towards the Pd fi

FIG. 3. Capacitance variation of hydrogenated Pd/GaAs~n-type! Schottky
interfaces exposed to air~dehydrogenation!. Three curves in the figure show
capacitance monitored for:~a! a hydrogenated sample,~b! a hydrogenated
sample experienced a forward current at 0.77 A/cm2 for 15 min, and~c! a
hydrogenated sample experienced a forward current at 0.77 A/cm2 for 15
min and then kept in hydrogen gas for 2500 min. The starting values
capacitance for the three samples are indicated byCh0, Ch1, and Ch2, as
described in Figs. 1 and 2. The insert is used to emphasize the peak fe
in curve ~b!.
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surface to combine with oxygen adatoms on the Pd sur
to form water vapor.3,7 This represents the dehydrogenati
of the hydrogenated Pd/GaAs Schottky interface. Becaus
the removal of the hydrogen at the interface in the dehyd
genation process, the hydrogenation effect, i.e.,
hydrogen-induced positive charge at the interface, thus
creases quickly and this causes a decrease in capacit
The first region thus clearly indicates a removal of hydrog
from the interface. Then, there follows a retardation region
the decrease of capacitance, which is found to be hig
dependent to the aging of the sample. For fresh samp
there was no such retardation region.4 The retardation region
is probably due to a poisoned surface3 caused by usual con
taminants such as carbon and sulfur20 on the Pd film surface
We observed that the time scale for the retardation in de
drogenation in air could change largely, depending on
aging of the sample. Therefore, by blocking the chemi
adsorption sites of hydrogen on the surface18 it was possible
that surface contaminants could retard the dehydrogena
process. After the retardation region, the third region of
pacitance change is observed, which behaves similarly to
first one, i.e., the capacitance decreases quickly compare
that in the retardation region.

For the sample that experienced forward current fl
followed by immediate exposure to air, there are also th
characteristic regions for the capacitance variation as sh
in curve ~b! in Fig. 3. The first and the third regions of th
capacitance variation are similar to those of the conventio
dehydrogenation shown in curve~a!, except for a much
smaller starting capacitance value. In contrast to the s
decrease in capacitance in the retardation region seen in
conventional dehydrogenation shown in curve~a!, there ap-
pears in curve~b! a remarkable increase in capacitance. Ma
nification of the peak structure in curve~b! is shown as an
insert in Fig. 3. The broad peak for the capacitance cove
;600 min seen in curve~b! corresponds to an increase in th
positive charge at the interface~Pd side!, which indicates a
‘‘recovery’’ of the hydrogenation effect which had been r
duced by the forward current flow. It is possible that wh
hydrogen withdraws from the interface, the hydrogen-rela
electron traps decompose. This decomposition results in
observed recovery of the hydrogenation effect shown as
broad peak seen in curve~b!.

The result in curve~b! in Fig. 3 is considered as a stron
evidence that electron traps are closely associated with
hydrogen that is at the interface or has entered the na
oxide layer. After exposure of the sample to air so as to dr
the hydrogen out of the Pd film through the formation
water vapor on the film surface, the hydrogen that involv
in the electron trap diffuses back to Pd film. When the h
drogen reaches the Pd side of the Pd-oxide interface, it fo
a hydrogenation-induced dipole once again. The broad p
seen in curve~b! is responsible to this ‘‘rebuilt’’ dipole pro-
cess and is thus considered evidence of decomposition o
electron traps.

Curve ~c! in Fig. 3 shows capacitance variation in th
dehydrogenation for the hydrogenated sample kept in hy
gen gas for 2500 min after forward current flow~i.e., the
same sample used for Fig. 2!. One can see that the capac
ce
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tance variation is quite similar to that of the convention
dehydrogenation and there is only a faint increase of cap
tance occurs during the retardation region. This experime
result indicates that the decomposition of the hydrog
related electron traps had already begun even in hydro
gas at room temperature after forward current flow.

From the above experimental observation, we specu
that structure changes at the hydrogenated Pd/GaAs inte
may occur by the displacement of hydrogen into the nat
oxide layer which is probably caused by the action of fo
ward current flow. If we assume that the hydrogen at
interface acts as a proton, then the electric field, which
produced at the interface as a result of the applied forw
bias, will force the hydrogen to be displaced into the oxi
layer. The hydrogen displaced into the native oxide la
would not travel through the native oxide layer because
oxygen in the native oxide which may interact with the h
drogen to form complexes and capture electrons from
forward current flow through the interface. This negative
charged complex thus cancels the effective positive cha
formed at the interface by the hydrogenation, and this
plains the remarkable decrease of the capacitance show
Fig. 1 after the forward current flow. When such system
exposed to air, the hydrogen in Pd film and at the interfa
will diffuse to the Pd film surface to form water with oxyge
adatoms on the surface, and this should result in a decr
in the capacitance. However, an increase of the capacita
was observed as a broad peak in curve~b!. Because of this,
we consider that the hydrogen displaced in the native ox
probably diffused back to the Pd film, resulting in decomp
sition of the hydrogen-related electron traps. Once it ente
in the Pd film at the interface, the hydrogen could result i
dipole with Pd at the interface, similar to that in the hydr
genation process.

The model of electron trap formation described abo
also successfully explains why the application of reverse
ases to the interface did not change the hydrogenation ef
the hydrogen will not be displaced into the oxide layer b
cause of the direction of the electric field.

We have demonstrated that the hydrogen at hydro
nated Pd/oxide interface is active to a large forward curr
flow and it probably displaced into the oxide to form electr
traps. In fact, there is evidence for the reaction between
drogen and oxygen in many systems. It has been rece
reported that the impact of hydrogen on oxygen-cove
Ni~100! surfaces produces water at temperatures betw
120 and 400 K.21 There are reports of charge transfer invol
ing the hydrogen adsorbed on the oxide surface.22–25 Evi-
dence for the interaction of electrons and hydrogen com
from the observation of the formation of negatively charg
hydrogen from positively charged hydrogen colliding o
oxygen covered surface.22 Theoretical studies of adsorptio
of hydrogen on oxide surfaces indicate charge transfer
tween the surface oxygen atom and the adsorbed proton.23–25

It is believed that dissociation of hydrogen gas through tr
sition metals results in highly active atomic hydrogen spec
that react selectively with oxygen atom on the support
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oxide surface.26 Some interface states induced at Si/SiO2 sys-
tems have also been attributed to the presence of hydrog
the interface.9–12

IV. CONCLUSIONS

By applying a large forward current~e.g, 0.77 A/cm2!
through a hydrogenated Pd/GaAs interface containing a
tive oxide, we observed a remarkable reduction in
hydrogen-induced charge at the interface. This observa
indicates that the hydrogen at the interface of Pd and G
native oxide is active and could be driven into the oxi
layer to form electron traps by a forward bias/current appl
to the interface. While exposed to air, the Pd/GaAs interf
showed an increase in the hydrogen-induced charge du
the removal of the hydrogen from the sample; without
effects of a forward current flow a direct decrease in
hydrogen-induced charge would have resulted. This incre
in capacitance during the dehydrogenation is considere
be due to the decomposition of the hydrogen-related elec
traps. This decomposition resulted from the diffusion of t
hydrogen displaced in the oxide back to the Pd side of
Pd/oxide interface to rebuild the dipole as in the hydroge
tion. It is clear from our experiment results that both t
presence of positively charged hydrogen~proton! at the in-
terface and a sufficient forward bias applied to the interfa
which results in electron flow from the semiconductor co
duction band, are essential to the formation of hydrog
related electron traps near the interface.
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