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which is in good agreement with observations. However
due to lower T it might be reasonable to assume the first
term in Eq. [1] to be lower (function of the activation ener-
gies for vaporization, usually in the order of 35-59 kcal/mol)
and the second and third terms in Eq. [1] to have overcom-
pensated for the observed losses. Accordingly, simple con-
siderations call either for an increase in the exponent of
the corrosion term and/or for an increase of the third term
in Eq. [1]. However, as the increase of iR (Fig. 1) tends to
exclude creepage, and because lithiation of the anode was
not dramatic, we conclude that our main concern is the
corrosion term, most likely in the form of wet seal corro-
sion (7). This conclusion is supported by noticing that in
the interval up to 4000h the performance drop was in the
order of 48 mV (ca. 12 mV/1000h) which include the ob-
served iR increase and variations of the electrode poten-
tials. This confirms that up to that time the performance of
the electrodes was almost constant. On the other hand, the
observed sharp drop in the performance (roughly 60 mV)
after 4000h cannot be justified by the smaller increase of
iR. This appears to demonstrate that the increase in the
electrode overpotentials can be attributed to electrolyte
loss.
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Photoassisted deposition of catalytically active tran-
sition metals on semiconductors has attracted consider-
able attention in recent years (1-4). Efficient photoelectro-
catalysis cells producing H,; with an efficiency well above
10% were based on such metal/semiconductor structures
(1, 3, 5). Another approach involves semiconductor parti-
cle suspensions in which different transition metals are
employed to run a presumably autocatalytical reaction
leading to the splitting of water by light, for instance (6-8).

The functioning of these devices is being intensively in-
vestigated at present (9-11). It is meanwhile well estab-
lished that exposure of transition metals to H, can result in
pronounced work function changes (9, 10, 12-17). Hydro-
gen sensors employing MOS transistors are based on that
principle (12, 13). The behavior of catalyst/semiconductor
structures upon hydrogenation is not always easily cor-
related with the metal work function (10) and appears to
merit further investigation on a selected system. We there-
fore restrict the present investigation to Ru/InP and
Ru/GalnPAs contacts. The large grain polycrystalline qua-
ternary semiconductor has been chosen because of differ-
ences in surface chemistry (18, 19). Polycrystalline Ru ex-
hibits a work function very close to the normal hydrogen
electrode, dyue (20). On other metals hydrogenation was
found to induce work function changes resulting in values
corresponding to the standard potential of the NHE (3).
Eventual changes in rectification behavior of semicon-
ductor-hydrogenated Ru contacts are then unlikely to re-
sult from the metal work function changes upon hydroge-
nation.

Experimental
Electrochemical experimentation was done in the stand-
ard three-electrode potentiostatic arrangement using a po-
tentiostat (HEKA) and a carbon counter- and a calomel ref-

erence electrode. Solutions were prepared from analytical
grade chemicals and triple distilled water. For photodep-
osition, a W-I lamp (ca. 100 mW em~2 intensity) was used.
Metal deposition was done (i) from acidic RuCl; solution or
(#1) from a ruthenium-nitridochloro complex compound
exhibiting a higher Ru-deposition rate inferred from gal-
vanic experiments (21). Substrate and deposit analysis
with respect to photoactivity was performed by scanning
laser spot analysis (SLS), uisng a He-Ne laser (A = 633 nm)
with spot size of 20 pm. Details will be given elsewhere
(22).

Energy dispersive x-ray fluorescence (XRF) is per-
formed with a commercial Tracor TN 5400 system with
semiquantative element analysis. Characterization of the
fundamental semiconductor properties of GaInPAs was
done by photocurrent spectroscopy, XRF and C-V mea-
surements (22). XRF revealed a composition of
Ga,In;_.P,As;, with x = 0.33 and y = 0.84; for InP, the
stoichiometry has been confirmed within 1 atmosphere
percent accuracy. From Vegards law (23) and photocurrent
spectroscopy, we obtain E; = 1.54 eV and 1.46 eV for Galn-
PAs, respectively. The net acceptor concentration as deter-
mined by C-V measurements was Ny-Np = 3.2 - 107 em ™3
for InP and 1.5 - 10'® em ™ for Gag.s3IngePossASg.16, USing € =
12.3 ¢, calculated from Vegard’s law (22-24).

Results

Figure 1 shows photocurrent-voltage curves for p-InP
and p-Gaya3Ing g PygsAse.16 in 1M HCl with and without elec-
trodeposited Ru catalyst. The data are compared with
those from Pt metal. The figure shows that the typical cur-
rent enhancement upon metallization is found. The in-
crease in catalytic activity is larger for InP. A somewhat
lower overall photoactivity is noted for GaInPAs.
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Fig. 1. Photocurrent-voltage characteristics of p-InP and p-GalnPAs before and after Ru deposition compared to the activity of Pt metal; solution,
1M HCI; light intensity, 300 mW cm 2, W-I lamp; solution for Ru deposition, 0.06M (NH,); [Ru;NClg(H,0),]-0.1M HCI, N, saturated; light intensity

I for deposition 100 mW cm~%; (a) p-InP, (b) p-Gay 33100 s7Po.saAS0.16.

Figure 2 shows scanning laser spot micrographs of Ru/p-
InP and Ru/p-GalnPAs contacts. Differences in photoac-
tivity are more pronounced on the polycrystalline Galn-
PAs photocathode. Accordingly the homogeneity of the
Ru deposit is much less on GaInPAs compared to InP as
evidenced by XRF (Fig. 3). Here the distribution of Ru
metal across a p-GaInPAs sample after light assisted depo-
sition is displayed. The left-hand side shows regions of ap-
proximately 20 pm width with high Ru signal (light areas)
and similarly sized regions with low or very low Ru signal
(dark areas). A typical line scan across such surface is
shown on the right-hand side where strong variations of
the Ru fluorescence signal with distance are found.

Figure 4 displays dark I-V characteristics obtained after
metal deposition on p-GalnPAs. Before hydrogenation
{curve 1), good rectifying behavior is observed. The calcu-
lated barrier height ¢g is obtained from

kT ~ A™T?
bg=-—1In
e IS

(1]

p=InP/Ru
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where we have used the fact that the junction ideality fac-
tor is close to 1 determined from log I vs. Voc plots. Using
A** = 64.8 Acm™?K™?, a barrier height of ¢ = 0.74V is ob-
tained. H; evolution drastically changes the characteristic
towards ohmic behavior (curve 2). Active vacuum pump-
ing results in less rectification than before H; evolution ac-
cording to curve 3. Increased H, evolution results in ohmic
behavior (curve 4) and subsequent vacuum pumping
(curve 5) results in less rectifying behavior than observed
after treatment according to curve 2 (see curve 5). The ef-
fect of the hydrogen on the structure can obviously not
fully be eliminated by extended high vacuum exposure.

Discussion

The I-V curves shown in Fig. 1 and compared to Pt metal
characteristics are similar to the ones obtained on Rh/sin-
gle-crystalline p-InP contacts (3). The fill factor for InP is
somewhat less in our case which might either be due to
differences in contact formation or due to the presence of a
natural instead of an optimized intermediate oxide layer.
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Fig. 2. Scanning laser spot analysis for (a) p-InP and (b) polycrystailine p-GalnPAs ofter Ru deposition; electrode potential —0.2V (SCE), He-Ne

laser, I, 16W cm~2 at 20 Lm spot size; solution, 0.1M HCI.
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The photocurrent of the quaternary compound is smaller
by a factor of ~ 10 compared to InP which can be attrib-
uted to the polycrystallinity of the GaInPAs samples or
possibly to the increased recombination at relatively high
doping levels. The photocurrent enhancement of Ru-
plated InP over GalnPAs, however, is only ~3, indicating
that local electrical fields and barriers at grain boundaries
and imperfections of GaInPAs are partly compensated by
the presence of the catalyst.

Nevertheless, the polyerystallinity reveals itself in the
spatial dependence of the photocurrent (compare Fig. 2a
and b). Therefore, the spatially integrated current mea-
surement in Fig. 1 shows that the lower catalytic photocur-
rent on GaInPAs obviously results from different photoac-
tivity of different grains. The photodeposition process is
obviously more inhomogeneous on the polycrystalline
samples. This is supported by the XRF microanalysis of
Fig. 3 which evidences a considerable variation in Ru
thickness across the sample. In particular the line scan
shows drastic differences in Ru metal thickness. The cor-
relation of catalyst metal thickness and photoactivity at
different grains is described elsewhere (22). Generally,
more information on the film morphology (microscopic
porosity, island formation) is necessary. Since Schottky
barrier formation occurs in the monolayer coverage range
and below (25, 26), an increase in H, evolution rate due to
increased Ru metal thickness appears unlikely, particu-
larly with films of d ~ 2004 (22). A porous structure exhib-
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Fig. 4. Dark 1-V characteristics of Ru/p-GalnPAs junctions; curve 1,
before hydrogen evolution; curve 2, after H, evolution; Q, 3.5C; curve
3, after active vacuum pumping, 107° torr for 30 min; curve 4, after H,
evolution, Q, 14C; curve 5, after active vacuum pumping.

iting a significantly enhanced active surface could account
for the experimental observations.

The experimental result shown in Fig. 4 is at first glance
in contradiction with earlier observations on InP (10). In-
stead of increased rectification, a transition to ohmic be-
havior is found on the quaternary compound. In simple
terms this has to be achieved by an increase in metal work
function or a decrease in semiconductor electron affinity
or a combination of these changes. The relevant factors af-
fecting the work function are surface/interface dipole lay-
ers, alloying, doping by hydrogen, and metal surface re-
construction.

In our experiment, hydrogen was evolved in situ which
means that a large amount of atomic hydrogen:is formed
and adsorbed as precursor step to gas evolution. In this
case the probability for hydrogen atoms to diffuse to the
metal-semiconductor interface is high. Also, the presence
of residual oxygen known to block hydrogen insertion, as
postulated in gas phase experiments to explain the barrier
height increase on p-InP/Ru contacts upon hydrogen ex-
posure (10), is not likely under our strongly reducing con-
ditions. The hydrogen adsorption at the semiconductor
surface can result in a drastic reduction of semiconductor
electron affinity due to the dipole formed. The influence of
hydrogen alloying is obviously small (9) and the metal/
ambient interface has been investigated to some extent by
surface analytical methods (27-31). The results show that
changes in the 0.1 eV range are observed. Increases as well
as lowering of the work function has been found and is at-
tributed to different (r and s) adsorption sites (32). S-type
adsorption sites are described as hydrogen adsorption (hy-
drogen atoms below the geometrical surface plane)
whereas r-type adsorption corresponds to hydrogen on top
of the metal. We believe this effect to be of minor impor-
tance here. Of greater effect appears to be the dipole for-
mation at the semiconductor surface.

In this case, the different behavior of p-InP/Ru must be
explained. There are two distinctions to be made:

1. The absolute amount of dissociated hydrogen, when
supplied from the gas phase is probably considerably
lower than in case of in situ H, evolution. In addition, the
presence of oxygen has been postulated on gas exposed
catalyst surfaces (10). It is also known that oxygen acts asa
blocking factor to insertion of hydrogen (35). It therefore
appears reasonable to assume a reduced amount of dis-
solved hydrogen within the catalyst. Hence the formation
of a dipole layer at the metal/semiconductor interface
might be suppressed to some extent.

2. In addition, on InP and particularly on the (111) face,
an oxide film of tunnel thickness is always present
(19, 33, 34). Experiments on Pd-Si MOS transistors used as
hydrogen sensors have evidenced that hydrogen does not
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penetrate the oxide. It appears therefore probable that in
addition to reduced supply of atomic hydrogen, dipole
layer formation at the InP surface is inhibited.

3. The surface chemistry on GalnPAs is quite different.
Work on passivation phenomena on III-V compounds
shows that stable oxides are not formed on GaAs, for in-
stance (18). Energy dispersive x-ray fluorescence analysis
reveals a homogeneous distribution of the elemental con-
stituents of the quaternary compounds; hence the surface
will exhibit Ga and As atoms corresponding to the stoichi-
ometry. It appears reasonable to assume that the absence
of a compact oxidic layer on the quaternary compound al-
lows penetration of hydrogen, produced during H, evolu-
tion, possibly along grain boundaries to the semicon-
ductor surface, resulting in a pronounced electron affinity
change. This view is supported by the behavior of the con-
tacts after hydrogenation and vacuum pumping (curves 3
and 5 in Fig. 4). Since the original rectifying behavior can-
not be attained after vacuum pumping, some hydrogen
must be bound within the structure. If hydrogen is ad-
sorbed at the semiconductor surface in different sites (re-
movable and permanent hydrogen), increased ohmic be-
havior should result in less rectifying properties after vac-
uum pumping. This is indeed observed in Fig. 4 (compare
curves 2, 3 and 4, 5).

4. Another possibility which has not been discussed so
far could be a work function increase of Ru during hydro-
gen evolution. More densely packed Ru single-crystal sur-
faces exhibit a vacuum work function of approximately 5.2
eV, i.e., 0.5 eV higher than on evaporated polycrystalline
films (36). Information on metal surface reconstruction
due to H, gas evolution, however, is not available at pres-
ent. Therefore, suggestion (no. 4) is highly speculative.

Regarding the information in the literature, the most
likely explanation is as given in (no. 2) and (no. 3), possibly
some mfluence of the effects discussed in (no. 1) do also
contribute to the differences with respect to the Ru/InP
system. We summarize by stating that the differences in
surface chemistry, particularly in oxide formation in con-
junction with a high generation rate of atomic hydrogen
can qualitatively explain our resulits. The feasibility of hy-
drogen sensors with Ru is limited to systems where hydro-
gen would adsorb reversibly at the semiconductor surface.
This has not been observed in our case.
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