+ Model

Available online at www.sciencedirect.com

SOIENOE@DIREOTG El.Ecmocmch

Electrochimica Acta xxx (2006) XXX—XXX

www.elsevier.com/locate/electacta

Optimization studies of HgSe thin film deposition by
electrochemical atomic layer epitaxy (EC-ALE)

Venkatram VenkatasanlyMkhulu K. Mathe?, Stephen M. CoX,
Uwe Happel, John L. Stickne$*

@ Department of Chemistry, University of Georgia, Athens, GA, United States
b Department of Astronomy and Physics, Athens, GA, United States

Received 10 October 2005; received in revised form 9 December 2005; accepted 10 December 2005

Abstract

Studies of the optimization of HgSe thin film deposition using electrochemical atomic layer epitaxy (EC-ALE) are reported. Cyclic voltammetr
was used to obtain approximate deposition potentials for each element. These potentials were then coupled with their respective solutibns to de
atomic layers of the elements, in a cycle. The cycle, used with an automated flow deposition system, was then repeated to form thin films,
number of cycles performed determining the thickness of the deposit. In the formation of HgSe, the effect of Hg and Se deposition potentials, at
Se stripping potential, were adjusted to optimize the deposition program. Electron probe microanalysis (EPMA) of 100 cycle deposits, grown us
the optimized program, showed a Se/Hg ratio of 1.08. Ellipsometric measurements of the deposit indicated a thickness of 19 nm, where 35 nm
expected. X-ray diffraction displayed a pattern consistent with the formation of a zinc blende structure, with a strong (1 1 1) preferred orientatic
Glancing angle fourier transform infrared spectroscopy (FTIR) absorption measurements of the deposit suggested a negative gap of 0.60 eV.
© 2005 Published by Elsevier Ltd.
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1. Introduction layer by layer, using surface limited reactions, under potential
deposition (UPD) inthe case of EC-ALE. UPD refers to the elec-
Mercury selenide, HgSe, is a II-VI compound semicon-trodeposition of an atomic layer of a first element on a second,
ductor. Based on its electrical properties, it is classified as at a potential prior to, under, that needed to deposit the element
semimetal or degenerate semicondu¢ief3]. It is of special  on itself[22—-26] A number of [I-VI compounds such as CdTe,
interest for fundamental studies because of its inverted ban@dS and ZnSe have been successfully grown using EC-ALE
structure[4]. Some of the possible applications for mercury [27-30] as well as some IlI-V compounds such as GaAs, InAs
selenide lie in optoelectronics. Molecular beam epitaxy (MBE)and InSbh[28,29,31,32] Recently PbS§33], PbTe and BiTes
[5,6], chemical bath depositiofv—9] and the cold traveling [34] have also been grown using EC-ALE.
heater method (CTHM)10] are some of the methods previ-  This paper is an extension of previous work on HgSe depo-
ously used to deposit HgSe. sition by this groud11]. Attempts have been made to optimize
Recently, this group reported the first deposits of mercurythe deposition cycle of HgSe, by adjusting the potentials for Se
selenide formed via. electrochemical atomic layer epitaxy (ECand Hg used in the EC-ALE cycle.
ALE) [11]. EC-ALE is the electrochemical analog of atomic
layer epitaxy (ALE)12-17] and atomic layer deposition (ALD) 2. Experimental
[18-21] All are methods for which the deposits are grown
Depositions were performed using a thin layer flow electrode-
position systenj16,35,36] which consisted of pumps, valves,
* Corresponding author. Tel.: +1 706 542 2726; fax: +1 706 542 9454, a flow cell and a potentiostat. All components were computer
E-mail address: stickney@chem.uga.edu (J.L. Stickney). controlled using a LABVIEW program.
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The flow cell has been previously descrijdd], with minor T T T T T T T T T
design changes to the reference compartment. A Teflon tube
fitting was changed to a simple O-ring, which provided a bet- 5 4200
ter seal. The auxiliary electrode was an ITO glass slide, and
the reference electrode was Ag/AgCl (3M NaCl) (Bioanalyti-
cal Systems Inc., West Lafayette, IN). Substrates consisted of
300 nm thick gold films on glass. The substrates were annealed
at 400°C for 12 h under a vacuum of 18 Torr, after Au vapor
deposition, resulting in a (11 1) habit.

The solutions used were 0.2mM HgO, pH 2 and 0.5mM
SeQ, pH 3. Both solutions contained 0.5 M pBO, as a sup- v
porting electrolyte. The blank solution contained only the 0.5 M s
NapxSOs, at pH 4. Solution pH was adjusted using$0s. The - by ! o o
water used to make solutions was supplied from a Nanopure kY ' -l
water filtration system (Barnstead, Dubuque, |IA) attached tothe | A\ l — Cyle’
house DI water system. Chemicals were reagent grade or better A\

The EC-ALE cycle used to deposit HgSe was performed
as follows: the Se solution was flushed into the cell for 2s : . : : : L : L .
(40 mL/min), and then held quiescent for 15s, all at the cho- i
sen Se deposition potential. Blank solution was then flushed Potential/V vs Ag / AgCl
through the cell for 3s. This was followed by filling the cell gy 1 cyclic voltammogram of Au electrode in 0.5 mM HSEOpH 3 (elec-
with the Hg solution for 2 s, and holding quiescent for 15s forirode area: 4 ¢ scan rate: 5 mvis).
deposition. The cycle was then completed by flushing with blank

solution for 3s. This cycle was repeated 100 times for each A series of experiments were then performed where the depo-
experiment. sition potentials for Se were varied from 0.20-t6.20 V, while

_Deposit thickness was monitored _using a single Wavele”gtﬁeeping the same deposition potential for Hg at 0.45(3).
ellipsometer (Sentech SE 400). A Scintag, PAD-V diffractome-, jenosits were evident until the potential for Se deposi-

ter Wi',[h Cu ko radiatiop 6= ;'54180‘)’ was used to obtain the tion was —0.10V or below. Optical microscopy and EPMA
gIancw_ng angle X-ray diffraction patterns. Electron probe_z M'Cr(_)'were performed on each deposit to determine homogeneity
analysis (EPMA) was run on a Joel 8600 wavelength dispersivg, stoichiometry, respectively. Based on deposit homogene-

scanning electron microprobe. ity, —0.15V was selected as a good Se deposition potential. The

_Glancmg_r?lggle absorp;tlon measulgemkentstl/_vgrnger;orn;e esulting deposits appeared homogeneous and stoichiometric,
gzltri]cgs ﬁ\nc) spectrophotometer (Bruker ~ObV, BrUk€lgwever, ellipsometric data suggested the deposits were close
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3. Results and discussions ! ! ! ' ! ! ! ' !

Cyclic voltammetry was used to determine approximate start-
ing deposition potentials for the EC-ALE cycle. The voltammet-
ric behaviors of HSe® and Hg* with gold on glass substrates
are shown irFigs. 1 and 2Potentials 0f 0.20 Vfor Seand 0.45V [ L) 1%
for Hg were identified as reasonable initial potentials for the
EC-ALE cycle. Thus, the initial program went as follows: the
cell was filled with the Se solution, pumped for 2s at 0.20V,
no flow (static) for 15 s for deposition, then blank solution was
flushed for 3s at 0.2V. The Hg solution flush in, pumped for
2s at 0.45YV, static for 15s, and blank solution flush for 3 s at
0.45V. The intent was that this cycle would ideally result in the
deposition of one compound monolayer.

Using these conditions, no deposition was observed by visual | et G
inspection after 100 cycles. Evidently the potentials chosen were T o
insufficiently negative to drive the deposition of HgSe, even
though UPD of these elements on Au looked promising. This L . L L L L . L L
points out that the potentials derived from voltammetry on the -
substrate are simply a good first approximation for the potentials Potential/ V' vs Ag/ AgCl
needed for a cycle, but do not represent the potentials neededgg 2. cyclic voltammogram of Au electrode in 0.2 mM HgpH 2 (electrode
deposit the elements on each other. area: 4 cr; scan rate: 5 mv/s).
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Se Coverage vs Potential Thickness Vs Se Stripping Potential
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Fig. 3. Effect of Se deposition potential on HgSe deposition (Hg deposition etential (¥ ve AgiAeCl)

potential: 0.48V; Se stripping potentiat0.63 V). Fig. 5. Effect of Se stripping potential on deposit thickness.

to 100 nm thick, significantly thicker than expected for a sim-y, . qenosition is slow, resulting in a small steady state current
ple model O'_c one compound monolqyer per cycle, yvhgre a 1(,) 40]. Thus, one explanation for the excess deposit thicknesses
cycle deposit was expected to 'result ina 37.4 nmthick f|Im._ Thi s the formation of some bulk Se on the surface. Deposition of
model assumes one Hg-Se bi-layer grows each cycle, with thg,, se can be minimized by using a short deposition time, just
(111) orientatiorj37]. L long enough for the majority of the surface limited deposition to
Previous studies of Se depositit#8,39]have shownthat Se oo hjete Alternatively, bulk Se can be removed by introduction
does notresultin a classic underpotential deposition process. Qi 4y extra step designed to reduce excess bulk Se to a soluble
the contrary, Se deposition requires an over potential, but bu'Eelenide specief27]. This second methodology was selected
deposition of Se is so slow that a surface limited feature is stillfOr the present study. After 15s of Se deposition, the cell was
visible. The result is that along with the surface limited reaCtionrinsed with blank solution for 3s, at which point the potential
formation of an atomic layer of Se, a small amount of bulk S&, 55 shifted negatively, such that bulk Se was reduced to HSe
is deposited as well. This can be seen from the current time Pri1se is a soluble species, which diffuses away, leaving only
file, during Se depositiorFg. 4. The current for Se deposition 4 5e on the surface. A set of experiments were performed by
does not drop down to zero after the surface is covered, that Sugérying this reductive stripping potential for Se fror®.55 to
gests that it is not a surface limited process and the amount %65 V, while keeping all the other parameters consfigt ).
bulk Se deposited depends on the deposition time. The surfagg, se on the resulting deposit stoichiometry data from EPMA,
limited process is fast, reaching completion quickly, while the,y ontical microscopy observations of the deposit thickness
and homogeneity;-0.63V was picked as the reductive strip-

L0803 ﬂ ping potential for the cycle.
Se stripping To optimize the deposition potential for Hg, another series of
experiments were conducted, where only the deposition poten-
-7.0E-04 tial for Hg (Fig. 6) was varied. The best Hg deposition poten-

tial appeared to be 0.48V, based on stoichiometry and optical
microscopy. However, it is of note that the coulometry for Hg, at
Se this potential, suggested a coverage of only 0.16 Miistead of

I(A)

-4.0E-04
the 0.44 ML ideally expected. Previous results have suggested
that the formation of one bi-layer of Cd and Se from the (111)
—_— i plane of zinc blende CdSe would require 0.44 ML of Cd and
o e 0.44 ML of Se. Itis not clear why the coulometry for Hg was so
3500 3510 3520 3530 3540 35501

time(s) -
1 Coverages was used in this paper are relative to the number of Au surface

Fig. 4. Current-time profile during one cycle of HgSe deposition using idealatoms. Hence, 1 ML here would refer to one deposited metal atom for each Au
deposition program. surface atom.
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Fig. 6. Effect of Hg deposition potential on HgSe deposition (Se deposition 20 30 40 50 60 70
potential:—0.15 V; Se stripping potential-0.63 V). 2-Theta

. Fig. 8. XRD diffraction pattern of 100 cycle HgSe thin film.
low, 0.10 ML versus 0.44 ML. One possibility is that some of the

deposited Se was oxidized at the positive potentials required for _ _

surface limited Hg deposition. The coulometry observed wador 2s at—0.15 V. The solution was held static for 15 s for depo-

thus the net Charge for Hg reduction and Se oxidation. In sition. The cell was then flushed with blank solution for 3 s at

addition, the resulting films were about half as thick as ide-—0.15V, at which point, the potential was changed-@.63V

a||y expected, where deposition of a Compound mono|ayer |§,or 5s. After this, the Hg solutionwasfilled for 2 s, and depOSlted

expected with each cycle, see below. for 15s at 0.48 V. This was followed by another blank rinse at
Overall, the optimal EC-ALE cycle for HgSe deposition 0.48V for 3s Fig. 7).

appeared to be as follows: Se solution was rinsed into the cell
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Fig. 7. Optimal deposition program. Fig. 9. Absorption spectrum of 100 cycles HgSe thin film.
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Ellipsometric measurements of the resulting deposit indi- [9] Y. Li, Y. Ding, H. Liao, Y. Qian, J. Phys. Chem. Solids 60 (1999)
cated that the film was 19nm thick. EPMA of the deposit  965. _ _
indicated a Se/Hg atomic ratio of 1.0Big. 8 shows the X- [10] C. Reig, Y.S. Paranchych, V. Munoz-Sanjose, Cryst. Growth Design 2

. . ) . (2002) 91.
ray diffraction pattern for the deposit. Peaks corresponding t 1] SM. Cox. M.K. Mathe, V. Venkatasamy, U. Happek, J.L. Stickney, J.

(111), (220) and (311) planes of HgSe (JCPDS 8-469) were  Ejectrochem. Soc. 152 (2005) C751.

evident, and no elemental peaks for Hg and Se were observed?] S. Bedair, Atomic Layer Epitaxy, Elsevier, Amsterdam, 1993.

The deposit showed a predominant (1 1 1) orientation as the rat[é3] T.F. Kuech, P.D. Dapkus, Y. Aoyagi, Atomic Layer Growth and Pro-
of the intensity between the (11 1) and (2 2 0) peak came out tg _ C€SSing, Materials Research Society, Pittsburgh, 1991.

. . . . . 14] H.L. Colin, Goodman, M.V. Pessa, J. Appl. Phys. 60 (1986) R65.
b]?210.2, which is considerably higher than the literature valu%ls] W. Faschinger, Phys. Scr. TA9B (1993) 492.
of 2.

) ] [16] J.L. Stickney, Electroanalytical Chemistry, vol. 21, Marcel Dekker, New
Room temperature IR absorption studies of HgSe were per-  York, 1999, p. 75.
formed using a glancing angle of 8&om the surface normal. [17] B.W. Gregory, J.L. Stickney, J. Electroanal. Chem. 300 (1991) 543.

Fig. 9shows a plot of the square of the absorption data versug®l M- Leskela, M. Ritala, Thin Solid Films 409 (2002) 138. .
for a 100-cvcle deposit of HaSe. An absorotion ed eWE;%g] E.B. Yousfi, B. Weinberger, F. Donsanti, P. Cowache, D. Lincot, Thin
energy Yy P gse. p 9 Solid Films 387 (2001) 29.

founq .at_O-GO eV: This value corresponds to thig"® — I"g®® [20] V. Sammelselg, A. Rosental, A. Tarre, L. Niinisto, K. Heiskanen, K.
transition of the inverted band structure of HgSe, reported to  Iimonen, L.-S. Johansson, T. Uustare, Appl. Surf. Sci. 134 (1998) 78.

be —0.51 eV from theoretical calculatiorfé1] and —0.46eV  [21] M. Ylilammi, Thin Solid Films 279 (1996) 124.

experimentally[4]. [22] 2D5M Kolb, M. Przasnys, H. Gerische, J. Electroanal. Chem. 54 (1974)

[23] D.M. Kolb, Advances in Electrochemistry and Electrochemical Engi-
neering, vol. 11, John Wiley, New York, 1978, p. 125.

[24] K. Juttner, W.J. Lorenz, Z. Phys. Chem. N. F. 122 (1980) 163.

The influence of the deposition potentials for Hg and Se, ag5] A.T. Hubbard, V.K.F. Chia, D.G. Frank, J.Y. Katekaru, S.D. Rosasco,
well as that for a reductive Se stripping step, has been reported. G-N. Salaita, B.C. Schardt, D. Song, M.P. Soriaga, New Dimensions in
The optimal deposition cycle devised includes deposition of Se fggg";a'lgga'ys's' Texas A&M University Press, College Station, TX,
at—0.15V, stripping of excess Se &l0.63V, and deposition .6, x A “Gewirth, B.K. Niece, Chem. Rev. 97 (1997) 1129.
of Hg at 0.48 V. The resulting deposit was a little over half of 27] Lp, colletti, B.H. Flowers Jr., J.L. Stickney, J. Electrochem. Soc. 145
that expected from the ideal model of one compound monolayer (1998) 1442.
for each cycle, but the deposit was stoichometric, and showed8] T.L. Wade, B.H. Flowers Jr, U. Happek, J.L. Stickney, Presented at
strong preferential (111) deposition. The absorption spectrum the National Meeting of the Electrochemical Society, Spring, Seattle,

; . h . . . Washington, 1999.
for this deposit appears consistent with the literature: an mverteﬁgl TL Wa%e B.H. Flowers Jr., R. Vaidyanathan, M.K. Mathe, C.B. Mad-

4. Conclusion

band structure and a negative gap of 0.6 eV. dox, U. Happek, J.L. Stickney, Presented at the Materials Research
Society, 2000.
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