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Formation and decomposition of hydrogen-related electron traps
at hydrogenated Pd /GaAs (n-type) Schottky interfaces
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We demonstrate a capability for exploring the behavior of hydrogen at a Pd/@&ase) 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 interface20@ American Institute of
Physics[S0021-897@0)04909-4

I. INTRODUCTION phenomenon at hydrogenated Pd/GaAs Schottky interfaces
] ) _where an interaction occurs between the hydrogen accumu-
_ The adsorption of hydrogen on solid surfaces Of transiyateq gt the interface and the electrons flowing from the semi-
tion metals has been extensively mvestlgaltefdn Pdsur- conductor through the interface. This flow of electrons is
faces, hydrogen is found to dissociate to atomic hydroger, seq by a forward bias voltage applied to the interface,
which diffuses into the bulk of the metal; this results in a,ering the potential barrier for electrons in the conduction

change in the electrical properties of the Pd/oxidelyang of the semiconductor. An apparent reduction is ob-
semiconductor interface This change is reversible during served in the hydrogen induced interfacial charge during

cycles of hydrogenation and dehydrogenafiarrrespond- ¢, large forward currents flow. The unique approach
ing to a process where the device is cyclicly exposed 1Qhich we used to investigate this phenomenon was to re-
hydrogen ambience and oxygen ambience. It is known thaf,oye the hydrogen from the Pd film after the forward cur-
there is an increase or decrease in the barrler_he|ght for ”\"ent flow so that not only the formation of electron traps but
hydroggnateijs ntype or p-type Schottky interfaces, g5 the decomposition of these electron traps were exam-
respectively’™® This change of barrier height is believed 10 jhoq Measurement of capacitance changes showed evidence
result from the formation of an effective dipole layer, which for a direct relationship between the presence of hydrogen

is effectively positive charge, induced by hydrogen at theyng the formation of electron traps caused by forward current
Pd/oxide interfacé.This formation of a dipole at the inter- flow.

face is considered as atype hydrogen adatom which lo-

cates interstitially on the Pd surface and is not bounded to

any fixed Pd atoms and can be considered a special case of a

proton® There have been reports of the hydrogenation and- EXPERIMENT

dehydrogenation performance of Pd/semiconductor devices Thin films of Pd with a thickness o015 nm and a

for sensing hydrogen gas or for exploring the mechanism ofjizmeter of 50Qum were formed by evaporating palladium
water formation on Pd surfacés’ In addition, the presence in high vacuum on a vapor phase epitaxia§PE) prepared
of interfacial hydrogen hgls been used in studies of metaljnyje.crystah-type GaA£100) substrate with a carrier con-
semiconductor reactiods:®In a Pd/GaAs Schottky interface centration of 2—% 10'5 cm™3. Prior to the Pd deposition

with a thin native oxide on the GaAs substrate, electricalye Gaas surface was treated in apSd,:H,0,:H,0 solu-
properties have been shown to be sensitive to the presenceﬁgn’ which results in a formation of a native oxide on the

interfacial hydroger}:® This provides a convenient probe for surface. For comparison, a GaAs surface free of oxide was
exploring the interaction between the hydrogen and electrongq, prepared by immersing the substrate ifN&,),S, so-
at Pd/oxide interfaces. , lution. This treatment results in a GaAs surface covered with
Other studies of interfacial hydrogen have used Fowler—y, aiomic layer of sulfur instead of a native oxiderhere-
Nordheim injection of hot electrons through @ metal/S&® 46 e prepared two types of Pd/GaAs Schottky interfaces:
interface to induce hydrogen-related interface st%\Té?s. one with a native oxide layer and the other with no oxygen at
Also, plasma hydrogendlgﬂanted into Si:and GaAs is foundpe interface. In this article, unless specifically described, the
to compensate acceptors.™ In those cases, source of hy- pyGaas Schottky interface refers to the one with a native
drogen is considered to be involved in trap formation at the,yide |ayer. The Pd/GaAs Schottky interface without an ox-
interface of the Si/Si@and the carrier center compensation ;4e layer was used to confirm that there are no deep levels in
in the semiconductor bulk. In this article, we report a newy,o caAs substrate used in this study. Details of the GaAs
surface treatments and Pd/GaAs Schottky structure prepara-
dElectronic mail: hynie@surf.ssw.uwo.ca tion was described elsewhete.
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FIG. 1. Capacitance variance of a Pd/Gafetype) Schottky interface  FIG. 2. Capacitance variation against time for the Pd/GaAdype)
caused by hydrogenation followed by applying a forward current at 0.77Schottky interface in hydrogen gas after applying a forward current at 0.77

Alcm? for 15 min. The initial and hydrogenated capacitances are indicateth/cm? for 15 min. The capacitance increaseddg, after being kept in the
by Co and Cp. The capacitance after the forward current flow action is hydrogen gas for 2500 min.
indicated byCy;.

The electrical property reported in this study was capaci-
tance measured at zero bias voltage with a capacitance meguld block the Pd surface for hydrogen adsorption to inhibit
at a frequency of 1 MHz. The capacitance is a reflection ohydrogen passadé.After the capacitance became stable, a
the effective charge at the interfacat the metal sidebal-  forward current with a density of 0.77 A/mvas applied to
anced by the space charge in the semiconductor. In the catlee interface for 15 min. When the forward current charge
of the n-type semiconductor, the space chafdenoy will was completed, the capacitance was monitored again and
decrease if the negative charge at the metal side decreasé¥ynd to have decreased 636 pF (Cp;). On the other
resulting in an increase in capacitance or a decrease ipand, we confirmed that when flowing a reverse current of
Schottky barrier height!’ the same order of the forward current described above, no

The hydrogenation was performed by flowing hydrogenvariation in capacitance was observed.
gas into an evacuated sample chamber. The pressure of the A notable feature seen in Fig. 1 is that the increase of
hydrogen gas increased rapidly+td atm. Electrons flowing capacitance after the electron flow occurs extremely slowly,
through the Schottky interface was controlled with a per-compared with that for hydrogenation, where the capacitance
sonal computer by changing the voltage applied between thi@creased~11 pF in 10 min. In contrast to this increase of
Pd/GaAs interface so as to maintain a constant forward cur=11 pF in capacitance during the hydrogenation, in the same
rent through the interface with an electrometer. The currentime period of 10 min, the capacitance only increased by 0.2
was applied to the hydrogenated Pd/GaAdype) Schottky  pF after forward current flow. Figure 2 shows the extremely
interface for a certain period of time at a density of 0.77slow increase in capacitance of the sample kept in hydrogen
Alcm?; this is larger than the largest current usually used tqgas. The capacitance only increased~89 pF (Cy,) in
measure the barrier height in current—voltage measuretnen2500 min. Because the sample was kept in hydrogen ambi-
The dehydrogenation was done by evacuating hydrogen gace all the time, this extremely slow increase in capacitance
and consequentially exposing the system to air. All experi€xcludes the possibility of a simple removal of the interfacial
ments were performed at room temperature. hydrogen being responsible for the decrease in capacitance
by forward current flow.

In order to examine whether the observed phenomenon
is due to deep levels in GaAs and/or oxide/GaAs interface

Figure 1 shows the variation in capacitance of a Pdtraps, we conducted the following two experiments in air. A
GaAs Schottky interface caused by hydrogenation and theRd/GaAs Schottky interface without an oxide layer was used
by applying a large forward current through the interface.in the first experiment to determine whether there are any
After exposure to hydrogen gas-afl atm, within 10 min the deep levels that respond to forward current flow. Because of
capacitance increased t044 pF (Cyo) from its initial value  the absence of oxygen at the GaAs surface, Pd reacts easily
of ~33 pF (Cy). A minor increase of~1 pF is observed with GaAs, resulting in an interface without oxiéieThe
before the capacitance approaches to saturation. Because th@me amount of forward curre(@.77 A/cnt) as used in Fig.
step-like increase of capacitance was usually observed fdr was applied to this interface for 15 min. No changes in
aged samples, its behavior may be explained by effects froroapacitance were observed. This experimental fact clearly
surface contamination. It is known that surface contaminantdemonstrated that there were no deep levels in the GaAs

Ill. RESULTS AND DISCUSSION
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substrate that could influence the capacitance of the Schottky 44 +—
interface by the large forward current flow. Cho 36 1
Knowing that there were no deep levels in the GaAs 42 - b

substrate, we conducted the second experiment which was —~ 35
designed to investigate the effect of intrinsic interface traps \”@ 40
in the oxide on the capacitance change shown in Fig. 1. By © N 34 4
applying the same amount of forward curré@t77 Alcnt) 2 38 _Ch2 0 500 1000
to the Pd/GaAs Schottky interface with a native oxide layer S
at the interface in aili.e., without hydrogenationfor 15 2

. . . . 2 36 -
min, we observed only a minor decrease~df pF in capaci- 8
tance. Because this experiment was done in air, the change in o
capacitance could be explained by a charge-up éfféat- 34 1 7h
troduced by current flow through the oxide layer at the inter-
face. Moreover, for this sample, by introducing hydrogen gas 32 n . . . r
and consequently applying the forward current to the inter- 0 300 600 900 1200

face, we observed a similar hydrogenation and dramatic ca-
pacitance reduction as those shown in Fig. 1, except for an
offset of the~1 pF. With S_U?h a minor effeCt. on th? capacl- g, 3. capacitance variation of hydrogenated Pd/Gantype) Schottky

tance change, therefore, it is clear that the intrinsic interfac@terfaces exposed to gidehydrogenation Three curves in the figure show

traps in the oxide cannot explain the decrease in capacitan&gpacitance monitored fofa) a hydrogenated sampléy) a hydrogenated
shown in Fig 1 sample experienced a forward current at 0.77 A/éon 15 min, and(c) a

L. hydrogenated sample experienced a forward current at 0.772Adcrh5
Because it is the forward, not the reverse current fIOvain and then kept in hydrogen gas for 2500 min. The starting values of

which changes the capacitance of the hydrogenated Pd/GaAspacitance for the three samples are indicatecChy Cpy, and Cp,, as
Schottky interface, the decrease of capacitance due to tmgscribed in Figs. 1 and 2. The insert is used to emphasize the peak feature
forward current flow as shown in Fig. 1 can be considered" 4"e®
analogous to a formation of hydrogen-related electron traps.
We will first discuss the mechanisms of electron trapping.
Electrons moving through a metal/semiconductor interfacgjenated Pd/GaAs Schottky interfaces. The variation in ca-
could be trapped by electron traps whose energy levels afgacitance caused by forward current flow shown in Fig. 1
below the Fermi level of the semiconductor. A forward biascould be explained by the displacement of the hydrogen into
voltage applied to the Pd/GaAs Schottky interface results inhe native oxide layer of the GaAs surface where the hydro-
a higher Fermi level of GaAs at the interface compared to gen forms electron trap@robably with other elementsnd
that of Pd and lowers potential barrier for electrons to movetraps electrons. The driving force for the movement of hy-
to the Pd from the conduction band of GaAs. This actiondrogen into the oxide layer could be the electric field at the
would result in the decrease in capacitance as observed interface caused by the applied forward bias voltage.
Fig. 1. We have shown that the intrinsic interface traps in the  Having proposed that the forward current flow results in
oxide themselves could only account for a minor part of thethe formation of hydrogen-related electron traps at the hy-
decrease in capacitance as observed in Fig. 1. Therefordrogenated Pd/GaAs interface, we noticed that the reverse
hydrogen at the hydrogenated Pd/GaAs interface has to h@ocess, i.e., decomposition of these traps, would provide
involved in the formation of the electron traps responsible tamore insight into the formation of the electron traps. Thus,
the observed decrease in capacitance. It is clear, thereforee conducted an experiment to expose the system to air so as
that the forward current flow results in both the formation ofto force the hydrogen to withdraw from the interface and the
hydrogen-related electron traps and their trapping of elecPd film. Curve(a) in Fig. 3 shows the capacitance variation
trons. of a conventional hydrogenated sample after the sample was
Having excluded the two “conventional” possibilities exposed to aili.e., dehydrogenation Two other hydroge-
described above for the decrease in capacitance of the hydroated samples were given a forward current at 0.77 A/cm
genated Pd/GaAs Schottky interface, we now will propose affor 15 min to see the dehydrogenation difference compared
alternative mechanism for the formation of hydrogen-relatedo that for the conventional one shown in curia@. Curve
electron traps at the interface. The hydrogenation of Pd(b) in Fig. 3 shows capacitance variation of the sample ex-
GaAs interface was usually stable if the temperature and thposed to air immediately after the forward current flow.
hydrogen ambience did not changee., equilibrium state  Curve(c) in Fig. 3 shows the capacitance variation for the
However, ans-type hydrogen adatom is not bound to any sample that had been kept in hydrogen gas for 2500 min after
fixed host atom§.1t has, therefore, ability to move if there the forward current flow.
were certain disturbance applied to the equilibrium state. An ~ We first examine the variation in capacitance for con-
example is the dehydrogenation of the hydrogenated Pd/entional dehydrogenation. As shown in cuife in Fig. 3,
GaAs interfaces when they are exposed to oxygen ambi- the capacitance of the sample exposed to air decreases with
ence or heated in vacuu. time. This is characterized by three different regions. When
From our experimental results, it is apparent that thehe hydrogenated sample is exposed to air, hydrogen in the
forward current flow changes the charge state at the hydrd?d film and at the interface diffuses towards the Pd film

Time (min)



4330 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 H.-Y. Nie

surface to combine with oxygen adatoms on the Pd surfacnce variation is quite similar to that of the conventional
to form water vapor:’ This represents the dehydrogenationdehydrogenation and there is only a faint increase of capaci-
of the hydrogenated Pd/GaAs Schottky interface. Because e@fnce occurs during the retardation region. This experimental
the removal of the hydrogen at the interface in the dehydroresult indicates that the decomposition of the hydrogen-
genation process, the hydrogenation effect, i.e., theelated electron traps had already begun even in hydrogen
hydrogen-induced positive charge at the interface, thus dejas at room temperature after forward current flow.

creases quickly and this causes a decrease in capacitance. From the above experimental observation, we speculate
The first region thus clearly indicates a removal of hydrogennat structure changes at the hydrogenated Pd/GaAs interface
from the interface. Then-, there follqws a retardation regiqn iNmay occur by the displacement of hydrogen into the native
the decrease of capacitance, which is found to be highlyyige jayer which is probably caused by the action of for-
dependent to the aging of the sample. For fresh samplegarq cyrrent flow. If we assume that the hydrogen at the
there was no such retardation regftfihe retardation region e tace acts as a proton, then the electric field, which is

LS prObafly duﬁ toa pkc))isoneg s%émmseg dbfyl usualfcon— produced at the interface as a result of the applied forward
V?/mlngn . sudctha? tchar tpn an T fumth € ¢ én”nt'sur.acc;a.h bias, will force the hydrogen to be displaced into the oxide

€ observed that the time scale for he retardation in de yI'ayer. The hydrogen displaced into the native oxide layer
drogenation in air could change largely, depending on the

aging of the sample. Therefore, by blocking the chemicalWOUld not travel through the native oxide layer because of

. . . . oxygen in the native oxide which may interact with the hy-
adsorption sites of hydrogen on the surf&dewas possible o f I q h lect ¢ th
that surface contaminants could retard the dehydrogenatio?nrogen 0 form complexes and capture electrons from the

orward current flow through the interface. This negatively

process. After the retardation region, the third region of ca- - .
pacitance change is observed, which behaves similarly to th%harged complgx thus cancels the effecuvg positive (?harge
first one, i.e., the capacitance decreases quickly compared {"med at the interface by the hydrogenation, and this ex-
that in the retardation region. plains the remarkable decrease of the capacitance shown in
For the sample that experienced forward current flonF19. 1 after the forward current flow. When such system is
followed by immediate exposure to air, there are also thre€xPosed to air, the hydrogen in Pd film and at the interface
characteristic regions for the capacitance variation as showill diffuse to the Pd film surface to form water with oxygen
in curve (b) in Fig. 3. The first and the third regions of the adatoms on the surface, and this should result in a decrease
capacitance variation are similar to those of the conventiondh the capacitance. However, an increase of the capacitance
dehydrogenation shown in curv@), except for a much Was observed as a broad peak in cufive Because of this,
smaller starting capacitance value. In contrast to the slowve consider that the hydrogen displaced in the native oxide
decrease in capacitance in the retardation region seen in thpeobably diffused back to the Pd film, resulting in decompo-
conventional dehydrogenation shown in cufag there ap- sition of the hydrogen-related electron traps. Once it entered
pears in curvéb) a remarkable increase in capacitance. Mag-n the Pd film at the interface, the hydrogen could result in a
nification of the peak structure in curyg) is shown as an dipole with Pd at the interface, similar to that in the hydro-
insert in Fig. 3. The broad peak for the capacitance coveringenation process.
~600 min seen in curvéo) corresponds to an increase inthe  The model of electron trap formation described above
positive charge at the interfac®d side, which indicates a  also successfully explains why the application of reverse bi-
“recovery” of the hydrogenation effect which had been re- ases to the interface did not change the hydrogenation effect:

duced by the forward current flow. It is possible that whenine hydrogen will not be displaced into the oxide layer be-
hydrogen withdraws from the interface, the hydrogen-related 5,,se of the direction of the electric field.

electron traps decompose. This decomposition results in the \we nave demonstrated that the hydrogen at hydroge-
observed recovery of the hydrogenation effect shown as thgaeq pd/oxide interface is active to a large forward current
broqlijhpeak sle_en n cu[;\(t_a).F_ 3 idered flow and it probably displaced into the oxide to form electron
_Theresultin curveb) in Fig. 3 is considere as a strong traps. In fact, there is evidence for the reaction between hy-
evidence that electron traps are closely associated with th&rogen and oxygen in many systems. It has been recently

hydrogen that is at the interface or has entered the nat'VFeported that the impact of hydrogen on oxygen-covered

oxide layer. After exposure of the sample to air so as to drive .
the hydrogen out of the Pd film through the formation 0ﬁ\ll(lOO) surfaces produces water at temperatures between

1 .
water vapor on the film surface, the hydrogen that involved_120 ind: 00 K There are reportshof chg rge trafl?gffégr myolv-
in the electron trap diffuses back to Pd film. When the hy-N9 the hydrogen adsorbed on the oxide surface’ Evi-

drogen reaches the Pd side of the Pd-oxide interface, it form@€nce for the interaction of electrons and hydrogen comes
a hydrogenation-induced dipole once again. The broad pedko™m the observation of the formation of negatively charged
seen in curveb) is responsible to this “rebuilt” dipole pro- hydrogen from positively charged hydrogen colliding on

cess and is thus considered evidence of decomposition of tHygen covered surfac.Theoretical studies of adsorption
electron traps. of hydrogen on oxide surfaces indicate charge transfer be-

Curve (¢) in Fig. 3 shows capacitance variation in the tween the surface oxygen atom and the adsorbed pf8tén.
dehydrogenation for the hydrogenated sample kept in hydrdt is believed that dissociation of hydrogen gas through tran-
gen gas for 2500 min after forward current fldine., the  sition metals results in highly active atomic hydrogen species
same sample used for Fig).2One can see that the capaci- that react selectively with oxygen atom on the supporting
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