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Bismuth and antimony are semimetals with a rhombohedral crystal structure and similar lattice parametgh, &ioys exhibit

unusual electronic properties and are of interest for thermoelectric and magnetoelectronic devices. In this paper, we show that
Bi,_,Sh, alloys can be electrodeposited from acidic chloride-based solutions and that a homogenous solid solution is obtained
across the entire composition range. We show that bulk deposition is preceded by monolayer deposition at potentials negative to
the equilibrium potential. The deposition/stripping reaction for bismuth is more reversible than for antimony leading to a small
increase in the bismuth concentration in films compared to the concentration in solution at(ldw &mcentrations. Thin films

have a preferre012) texture and the interplanar spacing is proportional to the film composition according to Vegard's rule. The
grain size for thin films increases from aboufuin for pure Bi to several micrometers for pure Sb.
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Bismuth and antimony are semimetals with unusual thermal,  Bi,  Sh, films for physical characterization were electrodepos-
electrical, and magnetic transport properties. Both elements have ged at 7 mA cm? for 200 s using a two-electrode arrangement. The
rhombohedral crystal structure with similar lattice parameters andsubstrate was a 100 nm thick gold film sputter deposited on a
form a solid solution over the entire composition range. Interest insj(100) wafer with a presputtered Cr adhesion layer. The deposition
these elements is largely due to their small carrier effective massegharge of 1.4 C cf¥ corresponds to a film thickness of Jun for
and hence high mobilities? Bismuth exhibits very low carrier con-  Bj and 0.88um for Sh, assuming 100% deposition efficiency. The
centrations and long carrier mean free p%thading toaverylarge area of the film was 1.43 ciAfter deposition, the films were
magnetoresistance effect in bulk single crystaler thin films thoroughly rinsed with 1 M HCI, rinsed with distilled, DI water, and
grown by molecular beam epitakyor electrodeposition™ finally dried in a nitrogen flow.

Bi;_,Sh, alloys are semimetals over most of the compositional  X-ray diffraction (XRD) measurements were performed on a
range but are semiconductors for 087x < 0.22, with a maxi-  Philips X’pert X-ray diffractometer using a Cucksource. All scans
mum band gap of about 30 meV at about 0.161 were performed with a step width of 0.01° and at a scan rate of 0.02°

There have been relatively few studies of electrodeposition of Bi,s . The instrument was calibrated before each measurement using
Sh, or BiSb thin films(e.g, Ref. 12-18. Both Bi and Sb can be the S{004) peak. The composition of the deposited films was deter-
deposited from chloride or perchlorate solutions at sufficiently low mined from wavelength dispersive X-ray spectroscOMpS) using
pH so that the formation of the oxyanion can be avoided. In thisa Jeol 8600 Superprobe. Compositions were obtained using.ani20
paper, we report on the deposition of, BjSh, alloy thin films from diam beam taking the average of ten measurements at different lo-
acidic chloride solution. We show that a homogenous solid solutioncations on the film.
can be formed across the entire composition range.

Speciation

Experimental . . .
perimenta Figure 1 shows the concentration of the relevantlIBi and

Electrochemical measurements were performed under ambiengk(i1) chloride complexess.the mole fraction of Sb in solution for
conditions in a three-electrode cell with a platinum counter electrodey total metal ion concentratiofBi(lll) + Sb(Il)] of 0.1 M. The
and a Ag/AgCI(3M NaCl,q) reference electrodgUeq = 0.215V  spjution composition was calculated from the stability constgpts
(saturated hydrogen electrode, SHBositioned close to the work- for BIiCI3 19 and Sij*“ 20 summarized in Table 1. The details
Ing eIectrer using a Lqu'n caplllary. The working electrode was are procided in the Appendix. The concentration of uncomplexed
200 nm thick polycrystalline gold film evaporated onto &18D i3+ and SB" ions is negligibly small; for a 0.1 M BiGlsolution,

wafer with a 15 nm Cr adhesion layer. The electrode area was 0. a4 o 10 a g,
cn?. Electrical contact to the gold films was made with colloidal _he B concentration is 1.60< 10*° M; for a 0.1 M SbC} solu-

. > e .
silver paste(Electron Microscopy SciencesThe solution used for ~ tion, the SB” concentration is 3.0< 10"® M. Figure 1b shows the
deposition of Bj ,Sh, alloys was an aqueous solution of (0.1 percentage of each &il) and Slolll) complex with respect to the

— y) MBICls + y M SbCl, + 2.4 M HCl + 0.03 M ethylenedi- total Bi(lll) or SHIIl) concentratiorvs. the mole fraction of Sb in

: 4 . . . solution. This figure illustrates that the hexachloride and pentachlo-
aminetatracetic aciEATA) with the SbC} concentrationy, rang- 9 P

‘ . - ride complexes are the dominant bismuth species in solution at
ing between 0 and 0.1 M. Prior to each experiment the Au SurfaCeabout 60 and 40%, respectively. The pentachloride, hexachloride,

was etched with 10 vol % HNQfor 30 s, rinsed with distilled, 414 tetrachloride complexes are the main antimony species at 50,
deionized(DI) water, rinsed with 2.4 M HCI, and finally rinsed with - 25 " anq 2096, respectively. In all cases, the percentages are almost
the (0.1- y) M BIiCl; + y M ShCk solution. o independent of the Sb/Bi ratio in solution.

The deposition efficiency was determined by depositing films at  For the case of antimony, even at low pH, the concentration of

constant potential for 50 s and then stripping by scanning the poteng,q antimony! cation ShOmust also be consider&d
tial to +0.4 V at a scan rate of 10 mV & The deposition efficiency

was determined from the ratio of the stripping charge to the depo-
sition charge for solutions with 0% Sb, 18% Sb, 70% Sb, and SbO'(ag) + 2H"(ag + 3e— « Shk(s) + H,0 [1]
100% Sb.

The formation of the oxyion from uncomplexed®hons and water

2Present address: IBM T. J. Watson Research Center, Yorktown Heights, New!S 9IVen by
York 10598.
* Electrochemical Society Active Member.

Z E-mail: searson@jhu.edu Sb**(ag + H,0 < SbO"(ag + 2H"(ag) [2]
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Figure 1. (a) Concentration of relevant Bll) and SHlIl) chloride com-
plexes in solutiorvs.the mole percent of Sh1) in solution, for a total metal
ion concentratiofiBi(lll) + Sb(lll)] of 0.1 M. (b) Percentage of Bill ) and
Sk(lll') chloride complexes with respect to the tota(lBi) or SKII) concen-
tration vs. the mole percent of $hl) in solution. Note that the concentra-
tions of SB*, Bi®*, and SbO are negligible.

The equilibrium constank, for Reaction 2 can be determined
from the standard potential for the B®Sb redox couple

[Ugw,Sb = 0.26 V (SHB)] and the Nernst equation for Reaction 1

with Ug, /g, = 0.204 V (SHE)
[SbO ][H*]? _
Keq = B 9.8 X 10 moPL™? [3]

For an H" concentration of 2.4 M, the SbOconcentration is
1.8 10°% M for a 0.1 M SbC} solution. This concentration is
negligibly small and can be neglected.
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related to the standard potentials of the uncomplexéd Bind S5

ions,U;’AgﬂM , through their respective stability constafts and at
298 K

— 0.0197 log3,
(4]

Reliable values of the standard potentials for thé EBi and
SB**/Sb couples are not known, since complexation and hydrolysis
generally results in very small concentrations of uncomplexéd Bi
and SB* ions1®?223As a result, the Bi*/Bi and SBE*/Sb redox
potentials are obtained indirectly through measurements of their
compounds and subsequent thermodynamic calculations.

For the BF*/Bi equilibrium

o o RT| o
UMClﬁ*"/M = Uyssy — 3F 09 Bn = Uy

Bi*(ag + 3e < Bi(s) [5]

values of the standard potentlal reported in the literature are in the
range 0.20 to 0.32 (SHE).19:21.22.2
For the BiCJ,/Bi equilibrium
BiCl,

(ag + 3€ « Bi(s) + 4Cl (ag [6]

the standard potentlzhlBICI -,gi» Calculated indirectly from the oxy-

chloride compound, is 0. 16 SHE).1*2224The standard potential
for the BF*/Bi couple calculated from the standard potential of the
tetrachloro complex and its stability constd (see Table)l using
Eq. 4 'SU(B|3+/B|) 0.28 V (SHE).

For the SB*/Sb equilibrium

Sb**(ag + 3e < Sh(s) [7]

values for the standard potential are not available in the literature.
For the antimony tetrachloride complex

ShCl;(ag + 3e < SK(s) + 4Cl (ag (8]

the standard potentlaUSbCWSb = 0.17V (SHB.*®? From the

value forUSbcr/Sb and the stability constarg, (see Table), the

standard potentlal for uncomplexed®Stions determined from Eq.
4isUgz+sp = 0.26 V (SHE).

The equilibrium potentials for bismuth and antimony for any
solution composition can be determined either from the concentra-
tion of uncomplexed M' ions or from the concentration of the
chloride complexes M@F” in solution using the Nernst equation.
For the uncomplexed R1 ions we obtain

Ueqg= Upaijy + 0.0197 logM3*] [9]
For the chloride complexes ME1" we obtain
[MCIZ™"]
Ueq = U(MC3 M) + 0.0197 IOQW [10]

The standard potentials for the bismuth chloride and antimony  The standard potentials for the different Bﬁ(ﬂ and SbCi™"

chloride complexes, denoted E’%cﬁ ny With M = Bi or Sb, are

species calculated from Eq. 4 are summarized in Table Il. The stan-

Table I. Stability constants B, = [MCIZ~3]/[M3*][CI™]".

M B1

B2 Ba Ba Bs Bs
Bi 23x% 10 3.1x 10° 2.24%X 10° 1.26x 10° 5.25x 10° 3.63%x 10°
Sb 1.8x 107 3.1x 10° 1.5x 10 53x 10 5.2x 10 1.3x 10
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Table Il. Standard potentials UfMdg_n/M) (V vs. SHE) for uncomplexed metal ions(n = 0) and metal chloride complexes(for 1 < n < 6)
n
determined from Eq. 4 and the stability constants given in Table I. Mcﬁ‘” + 3¢ <~ M + nCl™.
n=20 n=1 n=2 n=3 n=4 n=>5 n==6
UoB'cP’”/B‘ 0.28 0.23 0.21 0.17 0.16 0.15 0.15
£Ch 18 0.26 0.22 0.19 0.19 0.17 0.17 0.18
(Sbcf "sb)

dard potentials for the chloride complexes of both elements withconcentration in solution indicating that deposition and stripping
n > 2 are very close indicating that bismuth and antimony will become more irreversible with increasing(l concentration. The

codeposit as an alloy even at low overpotentials.

In summary, well defined values fafys.,, andU are

3-n
MCITM

decrease in the peak current density with increasindiiStroncen-
o tration is also indicative of increasing irreversibilf/Underpoten-
tial deposition was observed between the open-circuit potential

not available. In the literature, the standard potentials for the tetrayocp (+0.5 Vvs.Ag/AgCl) and—0.1 V for all solutions, but is not

chloro complexes ardanicrlBi = 0.16 V (SHE) (determined indi-
4
rectly) and U2 = 0.17 V (SHE). The standard potentials for

ShCl,/sb

considered further here.

The equilibrium potentials for the BII)/Bi and Sklll)/Sb

couples can be experimentally identified from the potential of zero

the Bf*/Bi and SB'/Sb couples obtained from the tetrachloro currentin the reverse scan. The standard potentials can subsequently

complexes using the relevant stability constants m§i3+/8i
= 0.28 V(SHB andUgs;.,g, = 0.26 V (SHE).
Results and Discussion

Figure 2 shows current-potential curves for gold in (6.ly)
MBICl; + y MSbCkL + 2.4 M HCI+ 0.03M  EDTA, with
Sh(Il) mole fractions from 0%y = 0) to 100% = 0.1 M). All

solutions exhibit characteristic bulk deposition and stripping peaks.
The separation between the peaks increases with increasitit) Sb
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Figure 2. Current/voltage curves for (0.1 y) M BiCl; + y M SbCh
+ 2.4 M HCIl + 0.03M EDTA, with SKllIl) mole fractions from 0% \
0) to 100% ¢ = 0.1 M). The mole percent of $ll ) in the solution is
indicated in the figure. The scan rate was 10 mV.s

be determined using Eq. 9 and 10. Figure 3 shows the potential of
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Figure 3. (O) Zero-current potential);_,, obtained from the reverse scan
in current/voltage curves for solutions with (01y) M BiClg

+ y M SbCk with y varying from 0 to 0.1 M. The dashed lines show the
equilibrium potentials for the Bill )/Bi and Sklll )/Sb couplesss.the mole
percent of SHII) in solution calculateda) from the experimental equilib-
rium potentials for the pure componentd)fgi= —0.16 V; Ugqsp

= —0.12V) and(b) from the partial standard equilibrium potential;

= Ug, = Ug;, sy = 0.045V (Ag/AgCl) determined from a best fit of
U,_o for the mixed solutions tdJ;x. The solid line corresponds to the
mixed potential,Ux, for the two component mixed solution calculated
assuming a rule of mixtures for the pure components in a and b.
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zero current in the reverse scah,_, obtained from solutions with
(0.1-y) MBICl; + y M SbCl.

In 0.1 M BICl; solution, Uj_gg = —0.16 V vs. Ag/AgCl
(Ugg,gi = 0.055 Vvs. SHE). For the 0.1 M SbGl solution,U;_q g,
—0.12 Vvs.Ag/AgCl (Ugq sp= 0.095 Vvs.SHE). From Eq. 9 it

follows that Ugs.,g = 0.25V (SHE and Uggz.,g, = 0.24V
(SHE), close to the literature values obtained from the tetrachloride
complexes.

The equilibrium potentials for the BII)/Bi and SHklIl)/Sb
couples in mixed solutionsUeq g @and Ugq sp) Can now be calcu-
lated for all solution compositions from the valuesldy;s ., using
Eg. 9 and the speciation data. The dependencik.of; andU o sp,
on SHkIIl) concentration in solution, calculated from the standard
potentials for pure Bi and Sb solutions, are shown in Fig. 3a. For a
simple rule of mixtures, the equilibrium potential for the two com-
ponent system is given by

Unmix =

(1 - )Ueq,Bi + XUeq,Sb [11]
where 0< x < 1. The variation olJ ;;, with solution composition

is also shown Fig. 3a. It can be seen that there is about a 20 mV
difference between the experimentally measured potentials for the
mixed solutions U;_ gisp and U ,x calculated from the zero cur-
rent potentials for the pure solutions. However, fitting the experi-
mentalU;_, values for the mixed solutions td,,,, by adjusting the
equilibrium potentials for Bi and SHUgq giandUgq sy resulted in a
good correlation betweed;_, andU,,;,, as demonstrated in Fig.
3b. The fit shown in Fig. 3b was obtained for

gb = Ugi17XSQ( = 026 V(SHE)

[12]

o}
Bi

WhereU‘E’3ibeH is the standard potential for the alloy. The origin of

the approximately 20 mV difference between the equilibrium poten-
tials for the mixed solutions and the equilibrium potentials for the
pure solutions is not known. Substitution of the equilibrium poten-
tials into Eq. 11 using the Nernst equation then yields an expressio
for the equilibrium potential of the BSb, _, alloy. At 298 K

0.0592 .
Us, s, = USi, s, + —5—109([BI° I (SE T [13)
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Figure 4. |-V curves for(a) 0.1 M SbC} solution showing prepeak, and
I?b) 0.1 M BiCl, solution showing prepeaR, . The scan rate was 10 mvVs

When the scan direction was reversed at a potential slightly positive

to the onset of the bulk deposition peak, a distinct stripping peak

Equation 13 represents the Nernst equation for the electrochemic
formation of a BjSh,_, alloy from uncomplexed Bi" and SB*
ions

(1 — x)Bi®* + xSB* — Bi;_,Sh, [14]

The bulk deposition peak seen in the current-potential curves
(Fig. 2) was in all cases preceded by one or two smaller reduction
peaks, as shown in Fig. 4. Figure 4a shows the reduction Pgak
preceding the main deposition peak in 0.1 M Sp&tilution and Fig.
4b shows the reduction pedl, preceding the main deposition peak
in 0.1 M BiCl; solution. The potential dependences of the deposition
(Ppuk, Pa, and Py) peaks and strippingReip) peaks on mole
fraction of SKIII) in solution are shown in Fig. 5. The potentials of
the prepeak®, andP,, were essentially independent of(8b) con-
centration.

The peak current density associated withwas about-0.5 mA
cm ™2, or about two orders of magnitude smaller than the current
density of the bulk deposition peak. This peak was present at all
solution compositions except at low @) concentration and is
hence attributed to $bl) reduction. Prepealk, immediately pre-
ceded the bulk deposition peak but was only observed for solutions
with high Bi(lll) concentratior]>70% Bi(lll)] and is attributed to

yyas observed in the reverse scan, indicating that prefeafsdP,

are associated with deposition. The area under the prepeaks was in
the range 0.5-1 mC cif, close to the values for a close
(001 monolayer of Bi(0.54 mC cm?) and Sb(0.60 mC cm?).
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the reduction of Billl). The peak current density is this case was Figure 5. The potentials for the bulk deposition peaRy(), prepeaks P,

2

about—5 mA cm 4, about one order of magnitude larger thagp,

andPy), and stripping peaksRyi,) vs.mole percent of Sill ) in solution.

and one order of magnitude smaller than the bulk deposition peakall data obtained from I-V curves at a scan rate of 10 mV.s
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Figure 6. Peak potentials log for (top) 0% SHIII), (middle) 50% Skl ), 10 v%7, Also shown is a plot of (U, — uga)z vs. v for prepeakP,.

and (bottom) 100% SHlll ).

The separation between the bulk deposition peak and the stripf50% SKlil)], and 0.1 M SbGJ [100% Siflil)]. The increasing
ping peak is about 90 mV for the 0.1 M BigCéolution[0% Skl )] reversibility of the metal ion couples with decreasing18b con-
and 250 mV for the 0.1 M Sbglsolution [100% SHilll)]. This centration are again clearly seen. Accordingly, the scan rate depen-
illustrates the higher reversibility of the bismuth deposition/stripping dence of the bulk deposition peak decreased from 30 mV/decade for
reaction and the lower reversibility of the antimony deposition/ 100% Sklll ) to 20 mV/decade for 50% $hl ) to 10 mV/decade for
stripping reaction. The bulk deposition and stripping peaks are al-0% SklIl).
most independent of potential for @lb) concentrations<30%, Figure 7 shows the dependence of the current density associated
showing that the higher reversibility of the bismuth deposition/ with the bulk deposition peak, the prepeaks, and the striping peak in
stripping reaction is maintained up to about 30%I8h For solu- solutions with 0% S@ll), 50% Skl ), and 100% Sbll), on scan
tion compositions>30% Sl ), the peak separation between the rate. The peak current density associated with the bulk deposition
main reduction peak and the stripping peak becomes larger wittpeak is proportional to the square root of the scan rate, as expected
increasing SB11) concentration due to the lower reversibility of the for a diffusion-limited growth process. The peak current density for
deposition/stripping reaction. prepeakP, associated with Sb deposition was proportional to the
Figure 6 shows the scan rate dependence of the potentials assgean rate, as shown in Fig. 7b, consistent with monolayer formation
ciated with the bulk deposition peak, the prepeaks, and the stripingither by random adsorption or by irreversible two-dimensi¢2a)
peak for 0.1 M BiC} [0% SKlII)], 0.05 M BiCk + 0.05 M ShC} nucleation and growt??
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The scan rate dependence of the current density for prepgak
associated with Bi deposition, exhibited an exponent of Q€
betweenv®® andv!? as shown in Fig. 7c. Such behavior is consis-
tent with models for reversible monolayer formation by 2D nucle-
ation and growttf> The peak current density, and peak potential
U, for this process are given by

_0.368
ip = —— K%qmv [15]
a
Up = Ug + K [16]

whereq,, is the charge associated with monolayer depositiois,
the scan ratel)} is the equilibrium potential for adsorption, ands
constant assomated with nucleatfbiihe constanK is given by

No
Ny

0
_ n

o2
9
n5a3v§

—9.04+ 2.303 IO% [17]

whereN, is the number of active sitebl; the total number sites per
unit areaky, is the standard rate constant for nucleation, khid the
standard rate constant for growth. Sincé dependent on scan rate,

the peak potential and peak currents are also dependent on scan rate

Substitution ofK from Eq. 16 into Eq. 15 gives

i(Up — U2 = 0.3680,v [18]

For a reversible process, the standard adsorption potential can be3
approximated by the onset potential for deposition. Figure 7¢ shows

the scan rate dependenceigfU, — U2)? for prepeakP,, substi-
tuting the onset potential for the adsorption potential. The linear
dependence af,(U, — U2y2 on scan rate is consistent with Eq. 18.
The slope in Fig. 7c corresponds to 0.868,. The parameter a can
be obtained from the dependence of the peak potential on scan rat
Combining Eqg. 16 and 17 we obtain

o

a = —mw?r2c?/nekTwherer is the island radiusy is the energy per unit area,
is the number of electrons,is the charge on the electrokjs the Boltzmann constant,
andT is temperaturé®

9.04
a

2,303
a

6.91
——Ilogv

[19]
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Figure 9. Concentration of Sb in filmys. the mole percent of Shl) in
solution. In all cases, 1.4 C crhfilms were deposited at a constant current
density of 7 mA cm2 The antimony concentration in the film was deter-
mined from WDS measurements.

Aplotof (Uy = Ugnse) ~1vs.logv for P, was linear from which we
obtaineda = 0.45. From the slope in Fig. 7c and taking= 0.45
we obtain g, = 0.68 mC cm?, close to the value for a close-
packed(001) monolayer of Bi(0.54 mC cm?).

From the analysis of the two prepeaks, we conclude that bulk
deposition is preceded by a 2D nucleation and growth process.
However, this 2D process occurs at potentials negative to the equi-
librium potential and hence is not underpotential deposition. Growth
of Bi on GaA£® and Bi on S#’ from the vapor phase also proceeds
through 2D layer formation followed by 3D island growth. An initial
2D process preceding 3D deposition at potentials negative to the
equmbrlum potential has been reported for electrodeposition of Ag
on Ag28

Figure 8 shows the deposition efficiency for films deposited at
constant potential. In all cases the deposition efficiency is between
95 to 100% for potentials negative to abot0.175 V (Ag/AgCl).

The point at which the efficiency becomes close to 100% corre-
sponds to potentials between the pre-peak and the bulk deposition
peak in the current-potential curves.

Bi,Sb(012) Au(222) Bi,Sb(024)  Si(400)

]

Au(222)
T

A100%Sb
90%Sb
A_70%Sb
60%Sb
A 30%Sb,|
A~ 25%Sb
22%Sb
j\zo%Sb
_A_18%Sb
8%Sb
A 1%8b
A__0%Sb
Asubstrate|
i 1

80

Intensity (a

gus

e

1
50

1
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20 90

20 (Degrees)

Figure 10. XRD patterns for a series of Bi,Sh, films. The curves are
displaced for clarity.



Journal of The Electrochemical Socigtys0 (3) C131-C139(2003 C137

/

(a)

Figure 11. Crystal structure of Bi and Ska) Two rhombohedral unit cells
on hexagonal axes. For Bi: = 0.474 nm,a = 57.233°.(b) The hexagonal
primitive cell has atoms on the corners of the parallelepiped as well as atoms
at the(2/3,1/3,1/3 and (1/3,2/3,2/3 positions. For Biia = b = 0.455 nm,
c=1.186nm, a = B = 90°, vy = 120°; for Sh:a = b = 0.431 nm,

c = 1.127nm,a = B = 90°, y = 120°. The(012 plane is also shown.

(c) Normal view to thg(012) plane, illustrating the two-fold symmetry in this
plane.

Figure 13. Scanning electron microscope plan view images fog:Hi;,
Bi;Shsy, and BigShy, films.

3.28
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d(012) nm

Figure 12. The lattice spacing in th€012) direction determined from the  Figure 14. Cross-sectional scanning electron microscope image ofsSBi
diffraction peakvs.the Sb concentration in the film. film illustrating a characteristic columnar microstructure.
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Thin film characterizatior—Figure 9 shows the mole fraction of Acknowledgments

Sb in films deposited at 7 mA ¢ vs.the mole fraction of SIl ) This work was supported by the JHU MRSERSF grant num-
in solution. The Sb concentration in the film is slightly lower than per pMR00-80031

predicted by the linear dependence at lowIBp concentrations in

solution(<30% SHlI1)) and slightly higher at larger $hl ) concen- _Johns Hopkins University assisted in meeting the publication costs of this
trations in solution. The crossover at 30%(HbH corresponds to the article.
limit of Bi-dominated reversible deposition and strippitg30% Appendix

Sk(Il)). At higher concentrations of $litl ), the deposition reaction F _— - . . ) -
. . . . L L or the determination of speciation, the following species were consider&t; Bi
is dominated by the more irreversible Sb deposition/stripping reacgicy; , giciz-, Bici2~, SB*, SbCl, ShCl , SbCE~, SbCE~, and CI. The spe-
tion (see Fig. %. cies BiCh , BiCl; , BiClz, SbCh , and ShCJ were not considered since their stability
Figure 10 shows XRD patterns for a series of BSh, films. In constants are neglible. ) . )
all cases, the films are highly textured exhibiting the characteristic "€ Stability constants for bismuth and antimony are given by
(012 and(024) peaks for the hexagonal crystal structure of Bi and B3
Sh. Similar results have been reported for the electrodeposition of Bi N= _[sin_}n [A1]
on A and on GaA$'® from acidic Bi(NG;); solution. (BIJICl]
Bismuth and antimony have a rhombohedral crystal structure.

For convenience, however, the crystal structures are usually repre- - [Sﬁcﬂﬁ] _ (A2]
sented on hexagonal axes, with a trigonahxis along the[001] [SEIrCI]

dl,reCtlon ,and_ the twofold or binarp and b axe; normal to the The values for the relevant stability constants are given in Table I. In addition to the
trigonal direction and 120° apart from each oth&igure 11a shows equilibria for the bismuth and antimony species we have five mass balance equations
two rhombohedral unit cells on the hexagonal axes. The hexagonal

primitive cell (Bi: a = b = 0.4546 nm,c = 1.186 nm,a = B 3Cgicl, + Crol + 3Cspey, = [CI7] + 4[BICI,] + 5[BICIZ"] + 6[BICI3 ]

= 90° vy = 120°;, Sh:a =b = 0.4308 nm,c = 1.127 nm, «

= B = 90°, vy = 120°) shown in Fig. 11b has atoms on the cor-
ners of the parallelepiped as well as atoms at(#8,1/3,1/3 and [A3]
(1/3,2/3,2/3 positions. The 2D unit cells for the hexagonal close-

packed(001) planes of Bi and Sb are diamond shaped with sides of  Ceici, = [BICls] + [BICI5 "] + [BICI§ ] = [Bi*"](B,[CI"]* + Bs[CI ]®
0.4546 and 0.4308 nm, respectivélJhe close-packetD01) planes + Be[CI ) [A4]
are arranged in bilayers along th@01] directiont so that crystals °
are easily cleaved perpendicular to the trigonal axis. As described
previously, the deposition of a close-pack@1) monolayer corre-

+ 3[SbCk] + 4[SbC|,] + 5[SbCE ] + 6[SbCE ]

Cspoy, = [SC] + [SbCE] + [SbCE™] + [SbCE™] = [SE**](B3[CI ]?

sponds to 0.54 mC cif for Bi and 0.60 mC cm? for Sh. The(012) + BX[CITT* + BE[CIT]S + BE[CIT9) [A5]
plane is also shown in Fig. 11b. Figure 11c shows a normal view to
the (012 plane, illustrating the two-fold symmetry in this plane, Caici, + Cspoy = 0.1 M [A6]

with two layers of atoms one slightly above and one slightly below
the plane. The deposition of @12 monolayer corresponds to 0.45
mC cmi 2 for Bi and 0.50 mC cri? for Sh.

Figure 12 shows the lattice spacing in 8.2 direction deter- Substitution of A-4, A-5, A-6, and A-7 into A-3 gives the relationship between the
mined from the diffraction peak. This figure illustrates that the lat- chIor!de ion concentrgtion in solultion[lCI’], and the total cqncentration of bismuth
tice spacing increases monotonically from Sb to Bi according tocMride.Ceici, and antimony chioridesyc, added to the solution
Vegard'’s rule, consistent with the formation of a homogeneous solid
solution. Similar results have been reported fof BSh, films de- ([CI] - 2.7) + (01— CSbe){
posited at constant curretft.

Cuol = 24 M [A7]

4B4[CI]* + BB[CIT]® + 666[0*16}
Ba[CI I* + Bs[CI I° + BglCI I°
3B4[CIT]® + 4B5[CI]* + BBE[CIT]® + 6B%[CI™°]
BX[CI P13 + B5[CI]* + BE[CIT]® + BE[CI ']

For all compositions the films were matte gray and exhibited

faceted grains ranging from aboutuin in size for pure Bi to sev- + CSbcg{
eral micrometers for pure Sb films. Figure 13 shows scanning elec-
tron microscope plan view images for ¢88h;, Bi;oShy, and
Bi1oShy, films. These images illustrate the progressive increase inkor each solution compositioregycy,) the chloride concentratidiCl~] was determined
grain size with increasing Sb content. These results are consisteom the zero intercept of Eq. A-8 with chioride concentrati@i~]. Subsequently, the
with the faster kinetics for bismuth deposition reaction which would concentrations of free bismuth iofiBi®*] and free antimony iongSk**] were calcu-
be expected to lead to higher cluster density and hence smaller grailﬁted from Eq. 4 and 5. The concentration of each bismuth and antimorjy chloride

. . . : g complex, BiCf ™" and SbC]™", was then calculated from the relevant stability con-
size. Figure 14 shows a cross-sectional image of aSBj film stantp., .
illustrating a characteristic columnar microstructure.

[A8]
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