PHYSICAL REVIEW B

VOLUME 40, NUMBER 5

15 AUGUST 1989-1

Metal submonolayers on Hg-Zn-Te alloys: Electrochemical
and electrolyte electroreflectance studies

C. Nguyen Van Huong
Laboratoire d’Electrochimie Interfaciale du Centre National de la Recherche Scientifique, 1 place Aristide Briand,
92195 Meudon Principal CEDEX, France

P. Lemasson
Laboratoire des Materiaux Moleculaires du Centre National de la Recherche Scientifique, 2 rue Henry Dunant,
94320 Thiais, France
(Received 18 January 1989; revised manuscript received 3 April 1989)

Electrodeposition of Ag and Cu in the dark at mercury-zinc-telluride alloys (HZT) is studied by
electrochemistry and electroreflectance. The specific importance of submonolayer deposits on the
behavior of electrolyte-HZT junctions is evidenced. The morphology of the deposits depends drasti-
cally on the experimental conditions and especially on the applied potential. Cu and Ag deposits are
done in the dark and in underpotential regime like that for metal substrates. However, the electro-
chemical behavior of these layers is completely different from what is observed with metal elec-
trodes. Electroreflectance spectra recorded with metal-coated alloys present an extremely specific
behavior, the spectrum relative to the E, transition of the substrate vanishing and a new broad
feature being created. This phenomenon is especially important for alloys with composition
0.3 <x <0.7 whereas for binary alloys such as ZnTe, HgTe, and GaAs it does not exist. A specific
chemical interaction between Ag and Cu and the HZT substrate is postulated, based on electro-
chemical and electroreflectance results, which depends strongly on the chemical composition of the

substrate.

I. INTRODUCTION

Up to now, electrochemical metal deposition on semi-
conductor substrates has been used for several purposes:
(i) protection from corrosion of low-band-gap semicon-
ductor electrodes in photoelectrochemical cells,! (ii) im-
provement of efficiency (photovoltage) of solar cells,? (iii)
catalysis of the hydrogen evolution reaction,® and (iv) for
obtaining high-barrier metal-semiconductor Schottky
junctions.*

It is well established from solid-state-physics investiga-
tions that the initial steps of metal-semiconductor inter-
face formation, especially in the monolayer range, is of
particular importance in understanding the behavior of
Schottky barriers.’ Due to the development of
ultrahigh-vacuum surface-science techniques in the last
decade, it was possible to establish that metal-
semiconductor interfaces are complex and present re-
gions with strong chemisorption and/or diffusion, local
charge distribution, and new dielectric properties.® For
these investigations, growth of the metal layer is general-
ly achieved using a vacuum deposition technique. How-
ever, the electrochemical method may appear as an at-
tractive alternative to the previous one due to its particu-
lar versatility. Coverage, form, and microstructure of the
deposit can be easily monitored by controlling and chang-
ing solution composition, time, and potential of deposi-
tion as well as mass transport conditions.

Mercury-zinc-telluride (HZT) alloys have been grown
only recently, and due to their stability, which is better
than that of mercury-cadmium-telluride (HCT), they
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seem promising materials for production of infrared (ir)
detectors and optoelectronic devices.” Hg, ,Zn,Te II-
VI alloys crystallize in the zinc-blende structure in the
whole composition range (0<x <1), and the lattice pa-
rameter obeys Vegard’s law,® while the E, band gap and
the E, transition lie in the range 0 (—0.14)-2.25 eV and
2.15-3.6 eV, respectively.®®

Preparation of Schottky barriers with good rectifying
properties is still a problem with HCT and HZT. In this
direction it seems important to study the feasibility of
metal electrodeposition on HZT and to investigate subse-
quently the electrochemical behavior of such modified
electrodes. The work function of HZT has not been mea-
sured, but that of ZnTe as well as that of HgTe are
known.!® As long as the values of these two work func-
tions are not very different (5.8 and 5.9 eV for ZnTe and
HgTe, respectively) it seems reasonable to assume that
the work function of p-type HZT lies in the range
5.8-5.9 e¢V. Therefore Cu and Ag, which are “semino-
ble” metals with work functions 4.65 and 4.26 eV, respec-
tively,!! appear to be good candidates for production of
Schottky barriers by deposition on p-type HZT.

In the present work, Cu and Ag deposits are prepared
electrochemically in the dark. The electrolyte-
semiconductor as well as the electrolyte-metal-
semiconductor interfaces are studied using cyclic voltam-
metry, capacity, and electroreflectance (ER) measure-
ments. The latter technique has been used successfully to
characterize monolayer and submonolayer metal deposits
on metal substrates!? but, to our knowledge, has been em-
ployed only one time to characterize metal deposits on
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semiconductor substrates.!?

Submonolayer metal deposits are studied in the present
paper and an attempt is made to correlate the experimen-
tal results with the structural properties of the metal lay-
er and the chemical nature of the substrates.

II. EXPERIMENT

A. Apparatus and Samples

p-type HZT was grown by the traveling-heater method
and kindly donated by Dr. R. Triboulet (Laboratoire de
Physique des Solides, Meudon, France). Sample prepara-
tion and mounting for electrochemical measurements
were already reported.® Surface treatment includes
mechanical polishing with diamond paste (0.5 um) and
chemical etching in 1% bromine in methanol solution.
The electrochemical cell is of the classical three-electrode
type with a vitreous carbon counterelectrode and a mer-
curous sulfate electrode (MSE) as a reference. Electro-
lytes are prepared from ‘“Suprapur” perchloric acid and
ultrapure water (Centre National de la Recherche
Scientifique patent) (0.1 HCIO,). For metal deposition
a low concentration (107°M to 5X 107 °M) of AgNO, or
CuSO, is used. In each case, solutions are deaerated by
nitrogen bubbling.

Electroreflectance measurements are performed with a
(0.5 V).;me» 15-Hz ac perturbation, in the energy range
2-4 eV with a light beam impinging the electrode surface
at near-normal incidence. The complete experimental
setup has been described previously.!*

B. Experimental procedure

After chemical etching, the bare HZT electrode is
dipped in the supporting electrolyte (0.1M HCIO,),
avoiding direct contact with air. The basic properties of
the interface that is formed are then determined by mea-
surement of the current- and admittance-versus-potential
characteristics and of ER spectra at fixed potential.
After this characterization, the HZT electrode is
transferred to another electrochemical cell whose electro-
lyte contains metal salt in order to achieve the metal
deposition. The latter operation is done at various depo-
sition potentials ¥, and for different times ¢; in order
that the density and size of metal nucleation germs are
varied.

Finally, after careful rinsing with ultrapure water, the
coated electrode is dipped back in the first electrochemi-
cal cell which contains 0. 1M HCIlO, electrolyte alone. It
is worth mentioning that the coated electrode is charac-
terized following a procedure which allows us to have re-
sults directly comparable with those obtained at bare
electrodes.

The choice of the potential range where the electrode is
operated in the supporting electrolyte is done keeping in
mind that we are preoccupied with avoiding both anodic
and cathodic electrode processes. The former corre-
sponds to electrode oxidation and anodic dissolution and
the latter to H* reduction and cathodic decomposition.
The amount of metal deposited in metal-salt-containing
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solution is calculated by coulometry (Ag™ —Agl+p™;
Cu?t —Cu®+2p*) and the coverage © is estimated by
assuming a close-packed arrangement of the metal atoms.

III. RESULTS

A. Electrochemistry

Presented in Fig. 1 are the current-versus-potential
characteristics in the dark of the x =0.53 HZT alloy (a)
in supporting electrolyte and (b) in metal-salt-containing
solution. These characteristics are representative of the
results obtained for the whole set of alloys. In case (b),
during the negative scan, reduction of Ag" and Cu?*
ions starts at 0 and —0.2 V versus MSE, respectively,
and the Nernst equilibrium potential for a concentration
of 5X107°M is (—0.108 V)yse for Ag/Ag™ and
(—0.430 V)ysg for Cu/Cu?*. The current density mea-
sured during reduction of Ag* is noticeably larger than
for Cut,

Figure 1(c) presents the voltammograms of Ag- and
Cu-coated electrodes in 0. 1M HCIO, supporting electro-
lyte. We observe the existence of an anodic current dur-
ing the positive scan and of a cathodic current during the
negative scan. Such voltammograms remain unchanged
even after several potential cycles. This behavior is dis-
cussed in the next section of this paper, but we must men-
tion now that these currents correspond to an oxidation
of the metal deposit and to the reduction of this oxide, re-
spectively. The latter reaction does not take place if the
former does not exist. Such reactions must be avoided
during the performance of ER experiments done at fixed
dc potential with a superimposed 0.5-V ac modulation;
thus the applied dc potential is never positive of ( —0.65
V)msk-

The capacitive behavior versus potential of coated elec-
trodes (not represented here) does not correspond to a
classical Mott-Schottky plot. We nevertheless observe
that the capacity value becomes larger and larger with in-
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FIG. 1. Current-potential characteristics of Zng s;Hgg 47Te
alloy (a) in contact with 0.1M HCIO,, (b) in 5X 107°M AgNO,
( ) and 5X107°M CuSO, (— — —) containing solution,
and (c) Ag-( ) or Cu-(— — —) coated Zng s3Hgp 4;Te in
0.1M HCIO,. Sweep rate 10 mV s’
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FIG. 2. Scanning electron micrographs of Zn, s3Hg, 4, Te
coated with Ag submonolayer deposited during 15 s at (a)
Vo=—0.4Vand(®) V,=—0.7V.

creasing metal coverage and tends to values obtained
with metal electrodes. It seems reasonable to correlate
this observation with the increase of the cathodic current
in the negative-potential region as shown in Fig. 1(c).

Presented in Fig. 2 are scanning electron micrographs
of HZT (x=0.53) coated with Ag deposited at
V;=(—0.4 V)yse and (—0.7 V)ygg for 15 s. The mor-
phologies of the deposits are drastically different. While
the deposit made at (—0.4 V)ygg—whose calculated
coverage is ©~0.15—is homogeneous, the deposit ob-
tained at (—0.7 V)yge (©~0.5) exhibits some coales-
cence and nucleation phenomena. At first glance, the
influence of V; on the deposit morphology appears to be
different than what has been reported recently about the
deposition of Pt on GaAs.!> In this case, it was noted
that the size of the crystallites decreased with decreasing
V,.

B. Electroreflectance

The influence of metal deposits on ER spectra can be
observed for the whole series of HZT alloys. However,
we present here only the most remarkable results.

Figures 3 and 4 present the spectra obtained with
electrolyte-M-HZT (M =Ag or Cu) structures for
Hg,_,Zn,Te with x=0.72 and 0.53, respectively. We
also report, for comparison, ER spectra recorded with
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FIG. 3. Influence of Cu (——.—. ) and Ag ( ) sub-

monolayers on the electroreflectance spectrum of a
Zng ,,Hg, 55 Te electrode. The spectrum relative to the bare sur-

face (— — —) is reported for comparison.
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FIG. 4. Electroreflectance spectrum of a Zny s;Hgg 4;Te sur-
face without (— — —) and with Cu (—- —- —. ) and Ag ( )
submonolayers. :
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bare HZT electrodes; they show the characteristic oscilla-
tion due to the E; (A3-A,) transition. E, values and the
associated broadening parameter I" are determined using
the three-point method.!® We obtain, for x =0. 72,

E,=3.07eV and I'=200 meV ,
and for x =0.53,
E,=2.71eV and I'=130 meV .

The existence of a metal deposit of Cu or Ag drastical-
ly decreases the magnitude of the E,; oscillation, and a
new broad feature takes place in the energy range
2.5-2.8 eV for x=0.72 and 2.4-2.6 eV for x=0.53.
We notice that the shape of this new spectrum depends
on the deposition conditions, i.e., on the microstructure
of the metal deposit. This is shown in Figs. 5 and 6,
where the evolution of the ER spectrum obtained with
HZT (x =0.53) as a function of the deposition time #; for
two different deposition potentials V; [( —0.4 V)ysg and
(—0.7 V)ysel is represented. We observe that when the
deposition potential is close to the onset potential of the
reduction of M " into MY, the magnitude of the spectrum
is larger than when ¥V is more negative. Further, when
t,; increases, the energy of the minimum in the ER spec-
trum shifts slightly towards lower energies. Last, we
must emphasize the fact that the broad ER feature due to
metal deposits remains unchanged even after several
scans in the potential range [(—0.2 V)yg to (—1.1
Vimsel: When the coverage becomes higher than a
monolayer, the magnitude of the minimum decreases rap-
idly, and finally the spectrum disappears totally; at the
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FIG. 5. Electroreflectance spectra of a Zn, s3Hg, 4;Te surface
coated with a Ag submonolayer deposited at V;=—0.4 V dur-
ing different time #,: 30 s (—=—), 45 s (—-=), and 75 s ( ).
The spectrum relative to the bare surface is also represented

G« ).
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FIG. 6. Electroreflectance spectra of a Zn, 53Hgg 4;Te alloy
Vy=—0.7V: t;= 10s (-=), 15 s (=-=-), 30 s ( ), bare
surface (- - - .).

same time, we observe that the electrode surface becomes
dull. Although the broad ER feature mentioned previ-
ously is obtained only for some of the alloy compositions
(x=0.72, 0.53, and 0.33) that were available, it seems
reasonable to assume its existence between the two ex-
treme limits of this composition range. But for x =0. 16,
1 (ZnTe), and O (HgTe), the existence of a metal deposit
induces only a small deformation of the E oscillation, to-
gether with a shift of the baseline of the spectrum. A
similar observation has been done with GaAs, a III-V
compound whose ionicity is much lower than that of
ZnTe and likely of HZT as well.!”

IV. DISCUSSION

As already noted in Sec. IIT A (Fig. 1), electrochemical
Ag and Cu deposition in the dark occurs at potentials
more positive than the equilibrium Nernst potentials
[(—0.108 V)yse and (—0.430 V) for Ag* /Ag® and
Cu?* /Cu® respectively, with a concentration of
(5X1075)M]; that is, before bulk deposition can take
place. By analogy with what is observed at metal
substrates,'®’ where this phenomenon is called “under-
potential deposition,” we can suppose that in this regime
a metal monolayer is formed whose coverage is varied by
means of the electrochemical conditions of the experi-
ment.

The electrochemical mechanism is tentatively ex-
plained in Fig. 7. The location of the band edges of the
HZT alloy on the potential scale is such that the thermo-
dynamic free energies of the two redox systems
(Ag®/Ag™t and Cu’/Cu?*) are lower than the top of the
valence band of HZT. Reduction of metal cations M *
can thus occur by injection of holes from M " into the
HZT valence band accerding to

+ 0 +
M —M +pys >
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electrolyte electrolyte ( sc=(2eN 4 /€)AVscLsc(fiw) @
ZHT ] 4 ZHT 1,4 where Lgc(%iw) is the line-shape function, N 4 the ionized
Mo acceptor density, €, the static dielectric constant of the
e P g o= P t:) Cuz' semiconductor, and e the electron charge. AV is the
Vil e — N AQ* ’ *—?::j cu® part of the modulating voltage in the space-charge region
N ;_“. 9 Lt u of the semiconductor.
017 A <10 4 In the absence of interface energy states, we have
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FIG. 7. Energy diagram of Zn,Hg,_, Te in contact with elec-
trolyte containing redox systems Ag* /Ag and Cu®* /Cu. The
energies of these redox systems are calculated thermodynami-
cally.

where the subscripts sol, ads, and VB indicate that the
species are in the solution, adsorbed, and in the semicon-
ductor valence band, respectively.

Once the Ag (Cu) deposit is done on the semiconductor
surface, the HZT electrode presents an extraordinary be-
havior when studied again in the supporting electrolyte,
and electrochemistry and electroreflectance provide con-
venient in situ tools for the investigation of the new inter-
face which has been created.

In electroreflectance, two features appear to be of par-
ticular importance: (i) the decrease and vanishing of the
ER oscillation correlated with the E; transition in the
HZT substrate, and (ii) the creation of a new broad ER
spectrum in correlation with the . electrochemical behav-
ior of the metal-covered electrode.

The problem of the vanishing of the E can be treated,
most likely, in terms of a Fermi-level-pinning (FLP) pro-
cess induced by the metal deposition. If, in the present
state of our investigation, a quantitative interpretation of
the new ER feature appears to be difficult, we can never-
theless assume that it is due to a specific behavior of the
new interface corresponding to the metal deposit. Quali-
tatively we can reasonably assume that the ER signal is,
for a metal-coated electrode, a linear combination of two
contributions: one originating in the semiconductor and
the other in the coated surface. We write

(AR /R);=a(AR /R )sc+b(AR /R)y , (1)

where a and b are coefficients which depend on the exper-
imental conditions, mainly the deposit structure;
(AR /R),, is the total ER signal, whereas (AR /R )gc
represents the response of the semiconductor substrate
including surface states and (AR /R ), that of the metal-
coated surface. By introducing interface energy states in
the (AR /R )gc term of Eq. (1), the influence of a FLP
process on the magnitude of a ER signal can be put in
evidence.

In the low-field limit, an assumption which seems
reasonable in the case of E, transitions, (AR /R )sc can

where AV is the total modulating voltage. When inter-
face states exist, it is easy to demonstrate that

AVsc=a AV, )

a accounting for the potential drop AVy which takes
place in the Helmholtz layer taking into account inter-
face states.!® If some restrictive conditions are fulfilled,!®
a can be expressed as follows:

a=1/(1+ests/CH), (5)

where Ngg is the density of surface states and Cj the
Helmholtz capacity. In the present treatment we consid-
er that C; remains constant.”’ Therefore, (AR /R )gc de-
pends on the density of interface states, and when Ngq in-
creases, a—0, a situation that corresponds to Fermi-level
pinning and vanishing of the ER signal and that mimics
the experimental behavior.

Zur et al.?! have studied theoretically the Fermi-level
position at semiconductor-metal interfaces. They have
shown that for metal submonolayer coverages, FLP can
occur for interface state densities as low as 102 cm™?,
whereas for thick metal layers a density of at least 10
cm 2 is necessary. According to the unified defect model
for semiconductor-metal interfaces,?? the Fermi-level po-
sition at the interface is influenced by the presence of
chargeable defects at the semiconductor surface. Since
the whole system is electrically neutral, there must be
charges that compensate the defects somewhere in the
system. For submonolayer coverages, these charges are
the shallow impurities in the depletion region of the semi-
conductor. It seems reasonable to assume that our sys-
tem corresponds to this configuration, a simple calcula-
tion leading to metal coverage ranging between 0.1 and 1
monolayer, whereas micrographs show that the metal de-
posit leaves large areas free of metal on the semiconduc-
tor surface. The effect of the submonolayer metal cover-
age is to increase the number of chargeable defects
(strong metal-HZT interaction) up to a level at which
FLP can occur. This statement is supported by the fact
that the oscillation corresponding to the E, transition of
HZT decreases extremely rapidly for very low metal cov-
erages (an inflection point remains at the E; energy on
the big broad feature) and vanishes completely for larger
coverages.

The problem that appears far more complicated -is
represented by the second term (AR /R )y, in relation (1),
which accounts for the new broad feature created by the
deposition of Ag(Cu) on HZT. Before discussing this,
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some remarks are necessary that bring important infor-
mation about this term to light. First, the magnitude of
the spectrum does not appear to be proportional to the
modulating voltage. Second, such spectra are totally
different from those obtained at solid Cu (Ref. 23) and Ag
(Ref. 24) electrodes as well as at semiconductor elec-
trodes. Third, the broad feature typical of metal deposits
at HZT electrodes does not exist in the case of coated
HgTe, ZnTe, and GaAs, as already observed in the case
of Pb deposits at Ge electrodes.!®> Therefore, the chemi-
cal composition of the substrate seems to play a prom-
inent role in the observed behavior. These remarks lead
to questions about the physical nature of the measured
spectra, especially in relation to a derivative of the inter-
face dielectric function.

As long as the metal layer remains transparent or
quasitransparent (a situation which corresponds to results
in Figs. 3-6), the ER spectra present a characteristic
shape. However, this spectrum exists only when there is
a metal deposit at the HZT surface, and its shape de-
pends only slightly on the morphology of the deposit but
strongly on the chemical composition of the alloy sub-
strate. The biggest effect is obtained for alloys with
0.3<x <0.7, thus suggesting that there is a strong in-
teraction between substrate and metal coverage which
peaks in this composition range. The hypothesis of a
chemical interaction between metal and HZT seems sup-
ported by observations made previously which have
shown that metal deposited (not electrochemically) at II-
VI compounds presents a more pronounced chemical in-
teraction with the substrate than in the case of III-V
compound semiconductors, probably due to their higher
ionicity.6 Further, the case of metal deposits on HCT, a
close parent of HZT, has received special attention,?® and
it has been demonstrated experimentally (mainly by x-ray
photoelectron spectroscopy (XPS) that Ag and Cu depos-
its on cleaved and sputtered substrates lead to interfacial
reactions, including formation of Ag and Cu tellurides as
well as Hg losses. In the case of HZT substrates coated
electrochemically with Ag or Cu, similar interactions and
reactions can be postulated, taking into account the ex-
istence of the broad feature corresponding to the term
(AR /R),, in Eq. (1) as well as the particular electro-
chemical behavior of the coated HZT electrodes, even if
it is known that HZT is chemically more stable than
HCT.?® Generally, for metal deposited onto metal sub-
strates, the deposit can be desorbed by electro-oxidation
during a positive-potential sweep (stripping technique) as
is observed experimentally both for Cu (Ref. 27) and Ag
(Ref. 28) on various metal substrates. In the present ex-
periments, even after several cyclings in supporting elec-
trolyte in the potential range [(—0.2 V)pyge to (—1.1
V)msel, voltammograms of coated electrodes remain un-
changed [Fig. 1(c)] and the ER spectra are not modified
(Figs. 3 and 4). Due to the absence in the supporting
electrolyte of anodic and cathodic current in this poten-
tial range [Fig. 1(a)], we can be reasonably sure that the
bare HZT electrode is free of oxide and that the metal de-
posit is made on a clean surface. Those currents observed
with coated electrodes [Fig. 1(c)] can be attributed unam-
biguously to the metal coating. These observations tend
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to demonstrate that Ag and Cu deposits are not dissolved
during the positive polarization, but only oxidized (and
not the substrate in the places where it is free of metal),
and that these oxides are reduced during the negative po-
larization.

Therefore, it seems reasonable to assume that Cu and
Ag deposits made electrochemically at the HZT electrode
would present a particular chemical structure due to a
strong interaction with the substrate that leads to a
specific electrochemical and electro-optical behavior. As
already noticed in Sec. III B in correlation with the shape
of ER spectra, this interaction is probably stronger for al-
loys with 0.3 <x <0.7 than for alloys with composition
close to binary compounds. Such a phenomenon could
likely be correlated with the disorder existing in the
structure of the ternary alloys. This disorder changes
with alloy composition and is probably maximum for x
between 0.5 and 1, as in the case of HCT alloys.?’

V. CONCLUSION

The whole set of electrochemical and electro-optical
results presented here ténds to demonstrate that the sur-
face of mercury-zinc-telluride alloys, covered with a sub-
monolayer deposit of Ag or Cu, behaves very specifically.
For the first time, to our knowledge, the creation of an
electroreflectance signal completely different from that of
the substrate and that directly reflects an interfacial
phenomenon linked with metal coating, is reported. Fur-
ther, the electrochemical behavior of Ag and Cu deposits
which do not desorb easily during anodic polarizations
appears to be anomalous when compared with what is
usually reported at metal substrates. Therefore, it seems
reasonable to postulate a strong chemical interaction be-
tween Ag and Cu atoms deposited electrochemically and
the constituents of the substrate. Even if in the present
state of our experiments a complete explanation of the
phenomenon is not possible, it seems reasonable to make
a parallel with results obtained in solid-state physics con-
cerning the formation of metal-semiconductor contacts,
especially in the case of mercury-cadmium-telluride al-
loys.

Electrochemistry and electrolyte electroreflectance
provide a unique set of in situ techniques enabling us to
investigate the first step of the electrochemical formation
of metal-HZT contacts.

Due to drastic changes in the local environment, it is
not completely proven that the use of classical means of
surface investigation like Auger-electron spectroscopy or
x-ray photoelectron spectroscopy would elicit informa-
tion related to the actual interface existing in the electro-
lyte. Therefore, complementary studies by spectroscopic
ellipsometry or extended x-ray absorption fine structure,
which can also be in situ techniques, are still desirable to
try to answer some questions concerning the optical role
of the interface and the chemical interaction between
metal and HZT. In the next step of our investigations,
we will attempt to elucidate the particular role of Hg in
our results, and electrochemical and ER experiments are
in progress concerning metal deposits at mercury-
cadmium-telluride alloys.
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FIG. 2. Scanning electron micrographs of Zn,s;Hgg s Te
coated with Ag submonolayer deposited during 15 s at (a)
V,=—04Vand(b) V,=—0.7V.



