
Journal of The Electrochemical Society, 151 ~6! C431-C435~2004!
0013-4651/2004/151~6!/C431/5/$7.00 © The Electrochemical Society, Inc.

C431
EC-STM Studies of Te and CdTe Atomic Layer Formation
from a Basic Te Solution
Marcus D. Lay and John L. Stickney* ,z

Department of Chemistry, University of Georgia, Athens, Georgia 30602, USA

The cyclic voltammetry of Te on Au is markedly affected by pH. This fact can be used to advantage when designing an
electrodeposition cycle for CdTe. For instance, if a pH 2 Te solution is used, the underpotential deposition~UPD! potential for Te
is 0.8 V positive of that for Cd. However, if a pH 9.2 Te deposition solution is used, the potential for Te UPD coincides with that
for Cd, greatly simplifying the development of an electrochemical atomic layer epitaxy~EC-ALE! cycle. This report describes
electrochemical scanning tunneling microscopy~EC-STM! studies of Te deposition on Au~111! and Au~100! from basic media.
Several structures were observed on Au~111!: a (6 3 6) tellurite adlayer which spontaneously adsorbed prior to Te formation, a
1/4 coverage (23 2)-Te, and a 1/3 coverage (23 A10)-Te. While on Au~111!, a 1/3 coverage (A3 3 A3)-Te with (13
3 13) light domain walls, and two (33 3)-Te structures, with coverages of 4/9 and 5/9, were observed. Results of the formation
of the first CdTe compound monolayer using an EC-ALE cycle which includes Te deposition from a basic solution are also
included.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1723497# All rights reserved.
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Chalcogenides and their reactivity are immensely importan
exemplified by the role of oxygen in the oxidation of metals.
rest of the chalcogenides are important as well, with role
oxidation,1-3 self-assembled monolayer formation,4,5 surface pass
vation, and the formation of II-VI and IV-VI compoun
semiconductors.6,7 Te in particular, as a constituent of CdTe, is
important optoelectronic material.8,9 Compound semiconductors a
typically electrodeposited from a single bath, containing precu
for all the constituent elements, in a process referred to as co
sition. More recently, a number of Te-containing compounds,
as CdTe, have been electrodeposited using a method referred
electrochemical atomic layer epitaxy~EC-ALE!.10 EC-ALE is the
electrochemical analogue of atomic layer epitaxy~ALE!. ALE is
based on the use of surface-limited reactions to grow compo
one atomic layer at a time. Historically, ALE reactions have b
controlled using the temperature of the substrate and or react

In electrochemistry, surface-limited reactions are generally
trolled by the potential and referred to as underpotential depo
~UPD!. UPD refers to the phenomenon by which an element
trodeposits on another at a potential prior to its Nernstian eq
rium potential.11-15 UPD results from the difference in energetics
inter-vs.intraelemental bonding. Therefore, UPD is the formatio
a surface compound with the associated heat of formation. In
ALE, compounds are grown using a cycle in which an atomic l
of each element is formed in turn, with UPD as the surface-lim
process.

Te UPD on Au from acidic electrolytes has been stu
previously using EC-scanning tunneling microscopy~STM!.8,9,16,17

Several structures have been observed on Au~111!, including a 1/3
coverage (A3 3 A3)R30°-Te with (133 13) light domain walls,
4/11 coverage (A7 3 A13), and a 4/9coverage (33 3)-Te. The
formation of the (33 3)-Te adlayer coincided with a surfa
roughening transition. This roughening transition, as well as
preceding the formation of a 5/9 coverage (33 3)-Te, was ob
served in the present study as well.

The cyclic voltammetry~CV! obtained for Cd deposition fro
the solutions used in these studies has been described previo18

The insoluble species Cd~OH)2 forms in basic solutions, so 1 m
H2SO4 was chosen as a supporting electrolyte for the Cd depo
solutions. However, Te is soluble in basic or acidic media~though it
has been found to be essentially insoluble at neutral pH!. Addition-
ally, there is significant pH dependence for Te voltammetry.
deposition features for Te shift to more negative potentials as th
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increases~Fig. 1!. This fact has lead to adoption of basic Te s
tions for Te deposition steps, as the potentials that may be use
coincide with those used for the Cd deposition steps, and Te c
deposited without oxidizing the Cd UPD layer. Therefore, imp
for the current study is to understand Te deposition from bas
precursor solutions.

Experimental

For CV and EC-STM, a 99.999% pure Au~111! single crysta
~MaTecK GmbH! was used. The Au substrate was cleaned in
HNO3 for 30 min, annealed in a hydrogen flame for 7 min,
allowed to cool slowly in air.

The Te and Cd deposition solutions used were compose
0.25 mM TeO2 1 10 mM Na2B4O7 1 20 mM Na2SO4 ~pH 9.2!,
and 0.20 mM CdSO4 1 1.0 mM H2SO4 , respectively. All solution
were prepared with ultrapure water~.18.1 MV! and analytica
grade reagents. For CdTe deposition studies, Te was deposi
the substrateex situin a Pyrex H-cell and then the transferred to
EC-STM cell for Cd electrodeposition. EC-STM studies were
ried out in constant current mode~height mode! using a Nanoscop
III ~Digital Instruments, Santa Barbara, CA!. The instrument wa
previously calibrated by imaging highly ordered pyrolytic grap
~HOPG! in air. For all imaging, tips were formed from polycryst
line tungsten wire~diam 0.25 mm! which was etched at 12 Vac in
fresh 1 M KOH. To reduce faradaic currents at the tip/electro
interface, tips were coated with hot glue-gun glue~Kmart!, leaving
only the apex exposed. The EC-STM cell has been desc
previously.19 The entire setup was isolated from ambient by fittin
Plexiglas hat on top of the microscope and maintaining a po
pressure of high-purity Ar on the system. All potentials were re
enced to a 3 M Ag/AgCl reference electrode~BAS!, and Au wires
served as auxiliary electrodes.

Results and Discussion

pH effect on Te cyclic voltammetry.—A series of thin-layer EC
studies were performed to determine the optimal pH for the Te d
sition solution~Fig. 1!. Scanning negatively in the acidic solutio
the first cathodic peak corresponds to the UPD formation of aA3
3 A3)-Te with (133 13) light domain walls. The second pe
indicates the formation on the higher coverage (33 3)-Te struc-
ture. These features are followed by solvent decomposition (H2 for-
mation! at more negative potentials. In basic Te deposition solut
the first peak is related to desorption of the tellurite species as
as the deposition of some Te~see discussion of Te deposition on
Au~100! surface!. The (A3 3 A3)-Tewith (13 3 13) light domain
walls formed when the potential was held for several minutes
pH 10.2 solutions, the second and third peaks represented th
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mation of the (33 3)-Te structure and formation of the solub
species Te22, respectively. These two peaks are convolved at pH
The voltammetry for the acidic solutions did not exhibit peaks fo
reduction to Te22, as the potential for Te22 formation exhibited little
pH dependence and occurred near21.1 V in all solutions. Howeve
this potential was not reached in acidic solutions, as solvent de
position (H2 formation! occurs prior to Te22 formation. Upon re
versing the scan direction, the initial anodic peak is the result o
deposition of Te22 which remained at the electrode surface.
next oxidation features result from the cathodic stripping of th
layers formed.

When the apex of the initial UPD peak was plottedvs. the solu-
tion pH ~Fig. 2!, the peaks for Te UPD and stripping were revea

Figure 1. ~a! Thin-layer EC study of the effect of pH on Te deposition o
polycrystalline Au electrode.~b! Illustration of how the pH effect on Te C
may be used to facilitate the reductive electrodeposition of Cd and Te i
EC-ALE cycle: ~A! Te in pH 2.0 solution,~B! Te in pH 10.2 solution, an
~C! Cd in pH 5.7 solution.
-

to shift in a linear fashion to more negative potentials as the sol
became more basic. The results of this pH study indicated t
basic Te deposition solution would be the most tractable due t
alignment of potentials for Te and Cd UPD~Fig. 1b!.

Te atomic layer formation on Au(100).—Previous ultrahigh
vacuum electrochemical~UHV-EC! experiments have sugges
that a tellurite species adsorbs on Au surfaces at potentials po
of Te UPD.20 In this study, an ordered (63 6) tellurite species wa
observed on the Au~100! surface~Fig. 3!. This adlayer was observ
to exist beside Au islands formed during lifting of
Au(100)-@(5 3 20)-#(1 3 1)] reconstruction.21-23 This recon
struction was produced during annealing and then lifted upon e
sure to the tellurite solution. Lifting of the reconstruction resulte
formation of small islands.24 The (6 3 6) tellurite adlayer wa
stable on the surface down to20.13 V, when it apparently desorbe

As the potential was shifted negatively, a 1/4 coverage
3 2)-Te adlayer began to form. As the potential was held at20.3

Figure 2. Shift in UPD peak for Te as a function of pH of the deposi
solution.

Figure 3. Tellurite adsorbed on a Au~100! surface at open circuit, 0.05 Vvs.
3 M Ag/AgCl. Image size 103 10 nm.
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V for 120 s, a transition from the random distribution of Te ato
~Fig. 4a! to a homogeneous (23 2)-Te adlayer slowly took plac
~Fig. 4b!. Again, the Te atoms composing this adlayer were obse
to be highly mobile, with the empty four-fold defect sites mov
from scan to scan. However, the closest interatomic spacing fo
adsorbate was consistently 2a~or 2!, where ‘‘a’’ is the interatomic
spacing for Au, 0.288 nm. By scanning the potential to20.4 V, a 1/3

Figure 4. ~a! EC-STM micrograph showing Te atoms adsorbing in ran
fourfold sites on a Au~100! surface at20.30 Vvs.3 M Ag/AgCl. Image size
is 10 3 10 nm.~b! After 120 s at20.30 Vvs.3 M Ag/AgCl, the coverage o
adsorbed Te atoms increased, encompassing most of the surface. Ima
is 20 3 20 nm.
coverage (23 A10)-Te structure, which has been previously
served to form in acidic TeO2 solutions, appeared.24

Te atomic layer formation on Au(111).—EC-STM experiment
showed that if the potential was polarized at20.20 V on a Au~111!
surface, a (A3 3 A3)R30°-Te with (133 13) light domain walls
formed ~Fig. 5a!. This adsorbate exhibited slow kinetics in the
change of Te atoms with those in solution, as various single-
defects were observed at20.3 V ~Fig. 5b!. A (A3 3 A3)R30°-Te
with (13 3 13) light domain walls was observed in UHV-EC
periments after scanning to20.50 V but was seen at20.2 V via
EC-STM, given sufficient time, because the deposition kinetic
very slow. In fact, in situ long-term polarization experimen
showed that the higher coverage (33 3)-Te structure is formed a
20.55 V ~Fig. 5d!. A brief transition period~Fig. 5c!, during which
an increase in disorder in the adlayer composing theA3
3 A3)R30°-Te was observed, was followed by a surface roug
ing transition and formation of the (33 3)-Te structure~Fig. 5d!.

ze

Figure 5. ~a! Image and model of the 1/3rd coverage (A3 3 A3)-Te with
(13 3 13) light domain walls observed at20.25 Vvs.3 M Ag/AgCl. Image
size is 203 20 nm. ~b! 8 3 8 nm EC-STM image of the (A3 3 A3)-Te
with (13 3 13) light domain walls at20.3 V vs. 3 M Ag/AgCl. Various
single-atom defects are evident.~c! The transition between the (A3
3 A3)-Te with (133 13) light domain walls and the (33 3)-Te struc

ture. Image size is 203 20 nm.~d! EC-STM micrograph of a 4/9 covera
(3 3 3)-Te structure observed at20.55 V vs.3 M Ag/AgCl. Image size i
12 3 12 nm.
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This roughening transition was evidently a result of stress due
change in the bond environment of the Te atoms as new bon
other Te atoms formed when the coverage increased. This resu
the formation of a series of atomically high plateaus and the
coverage (33 3)-Te structure. This behavior was also observe
acidic Te solutions at 0.1 V.24

Surface roughening during the formation of higher cove
chalcogenide adlayers can be explained by consideration o
change in bonding that occurs as the coverage is increased.
chalcogenides form an initial low-coverage structure like the
coverage (A3 3 A3)-Te.25-31In this structure, the interatomic spa
ing, 0.5 nm, is larger than the van der Waals diameter for Te,
nm.31 When the coverage of the chalcogenide is increased unt
interchalcogenide distance is less than the van der Waals dia
the chalcogenide atoms tend to bond together, forming rings, ch
or clusters. This process results in surface stress, because th
cogenides are bound to each other as well as the Au surface, a
stress results in pits or the roughening transition described p
ously. The formation of pits and plateaus has been observed
ously for Se, S, and alkanethiol adsorption on Au~111!
surfaces.26,28,32-34

Stepping the potential to20.7 V, the surface became disorder
as this potential corresponds to the beginning of bulk Te depos
To prevent further Te deposition, the potential was then backe
to 20.5 V, positive enough to stop further deposition but nega
enough to prevent Te dissolution~Fig. 1!. At this potential, a new
(3 3 3)-Testructure, this time at 5/9 coverage, was observed~Fig.
6!. This structure was the last observed ordered Te adlaye
Au~111! before bulk deposition.

CdTe formation.—The (A3 3 A3)-Te with (133 13) light do-
main walls is fairly stable and can be formed in an H-cell on
bench top, and then transferred to the EC-STM cell for imagin
an acidic Cd solution. When the Te-coated electrode was he
0.15 V in the acidic Cd solution, the (A3 3 A3)-Te with (13
3 13) light domain walls was visible~Fig. 7!. Apparently, no Cd
had yet deposited, leaving the unperturbed Te structure, and pr
the stability of the (A3 3 A3)-Te with (133 13) light domain
walls structure during a transfer through air and immersion i
acidic CdSO4 solution.

When the potential was shifted to20.5 V, a severe roughening
the surface occurred. This appears to result from the formatio
CdTe. Two issues are suggested to account for this roughening
first is that it is preferable to form a monolayer of the compo
over the entire surface. However, in this case, too little Te
present and a stoichiometric amount of CdTe formed. The rest
surface was covered by Cd UPD and Au-Cd alloy,18,34 giving the
impression of a disordered surface.

Another reason for roughening to occur when Cd is deposite
the Te-coated surface is that suddenly there is a monolayer

Figure 6. EC-STM micrograph and model of a 6/9 coverage (33 3)-Te
structure observed after a roughening transition at20.70 V vs. 3 M Ag/
AgCl. Image size is 53 5 nm.
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compound bound to the Au surface. This can create strain i
surface if the deposit is not perfectly lattice matched with the
strate. A perfect lattice match is never the case for a heteroge
deposit, so there may be a periodic array of defects, or even r
structions of the underlying Au surface, both of which would c
tribute to an observation of surface roughening.

Aside from the roughening observed on a majority of the su
when Cd was deposited, near step-edges, domains of theA7
3 A7)-CdTe structure evident in Fig. 8, were observed. This s
ture has been previously observed, both with EC-STM an
UHV-EC studies with low-energy electron diffraction.35 There ap
peared to be two maxima per unit cell, though filtering the im
found suggestions of a 3/7 coverage (A7 3 A7)-CdTe.

Conclusion

Atomic layers of Te have been grown on Au~100! and Au~111!
surfaces from basic tellurite solutions. Although tellurite solut
were observed to lift the Au~111! reconstruction, this could not
attributed to an ordered tellurite species. In contrast, on the Au~100!
surface an adsorbed tellurite species with an open (63 6) unit cell
was observed at open circuit. Also, in contrast to behavior obs
on Au~111! surfaces, Te was observed to deposit in random sit
Au~100!, instead of following a nucleation and growth model.

On Au~111!, Te nucleated and grew into a 1/3 (A3
3 A3)R30°-Te structure with (133 13) light domain walls. Sub
sequent deposition of Te at more negative potentials resulted
formation of a 4/9 coverage (33 3)-Testructure and a rougheni
transition, where the surface was composed of a series of
atomic islands and pits. The reason for this roughening appears
strain introduced by the bonding of the chalcogenide atoms to
other, as well as to the Au substrate. At even more negative p
tials, the (33 3)-Te at 4/9coverage was converted into a 5/9 c
erage (33 3)-Te. Thephase transition from one (33 3) to the
next higher coverage (33 3) proceeded through a disorde
phase.

CdTe was grown on Au~111! surfaces using a two-step EC-A
process, consisting ofex situ Te UPD from a basic Te solutio
followed by in situ Cd UPD from an acidic solution. A stoichi

Figure 7. Low-resolution EC-STM micrograph showing the (133 13)
light domain walls of anex situdeposited Te layer immersed in a CdS4
solution at 0.15 Vvs.3 M Ag/AgCl. Image size is 2003 200 nm.
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metric (A7 3 A7)R19.1°-CdTe structure was observed for
deposition on the 1/3 coverage (A3 3 A3)-Te structure with (13
3 13) light domain walls.

The University of Georgia assisted in meeting the publication cos
this article.
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