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Electrodeposition of CdTe from Basic Aqueous Solutions
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Potentiostatic cathodic electrodeposition of CdTe on gold substrate was studied using basic aqueous electrolytic baths in which
Cd(Il) and Te(IV)species were dissolved to form @dﬁ* and Te@’ ions, respectivelyen: ethylenediamineThe stoichiometry

of electrodeposited CdTe can be controlled by changing thé)Od(IV) concentration ratio, pH, and/or the ethylenediamine
content of the baths. Differences in the deposition behavior between two basic media with different complexing agents, ethylene-
diamine and ammonia, were discussed thermodynamically with potential-pH diagrams drawn for the Cd-Ce-&mdHhe
Cd-Te-NH:-H,0O systems. All the deposits with near stoichiometric composition prepareeDat0 V vs. standard hydrogen
electrode had a flat and smooth morphology. The use of ethylenediamine instead of ammonia made it possible to raise the
temperature of electrolytic baths to 363 K, resulting in highly crystalline CdTe deposits without any post-treatment under a wide
range of experimental conditions.
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Cadmium telluridelCdTe), a well-known 1I-VI compound semi- Cadmium(ll) species are hydrolyzed to form insoluble (OtH),
conductor, has a direct bandgap of 1.44 eV at room temperature, anigh basic aqueous media without appropriate ligahd.e., complex-
is thus suitable for solar energy conversion material with photovol-ing agent(s}* Ammonia is an inexpensive compound which func-
taic cells. In addition to some dry processes such as screen printingions as a complexing agent for @d species and thus is suitable
and close-spaced sublimation, the preparation of cadmium telluridéor electrolytic mass production. Furthermore, the use of
deposits by electrochemical processes has been well investigated lammoniacal-basic solutions will be favorable, since the solutions
many research groups and a solar cell device with an n-CdS/p- do not contain alkaline metal ions, which sometimes act as impuri-
CdTe heterojunction with about 14% efficiency has been repdrted. ties in semiconductor devices. However, the ammoniacal baths is
Although aqueous sulfate solutions of pH 0-2 have historically andsomewhat troublesome to handle due to the high volatility of
almost exclusively been employed for the electrolytic baths forammonia during high temperature depositions. For example, 4.0 M
CdTe electrodeposition, we recently proposed that ammoniacal bagM = mol dm™3) ammonia water boils at about 355'Kand,
sic aqueous solutions are also suitable for CdTe therefore, CdTe electrodeposition from ammoniacal baths at tem-
electrodepositioti® since the basic solutions have a relatively high peratures higher than 343 ®0°C)was not examined in our recent
solubility of Te(IV) species as TeD ions. work. In the present study, we tried to use ethylenediamine

The electrodeposition of stoichiometric CdTe from the basic so-(NH,CH,CH,NH,), a less volatile bidentate amine ligand, in place
lutions took place at potentials positive of the Nemst potential for f ammonia. Based on the electrolytic conditidrieund for the
bulk Cd depositior, just as in the case of acidic bathsnd we ammoniacal baths, conditions to give a stoichiometric CdTe deposit,
devised a potential-pH diagram for the Cd-Te-NH,O systen®  Which has a flat and smooth morphology as well as a relatively high
by which the deposition behavior was well descrifefl. set of  Ccrystallinity without postdeposition annealing, were investigated us-
polarization curve data demonstrated that the deposition of not onlynd basic ethylenediamine-based baths. Differences in the deposition
bulk Te but also CdTe is poisoned by the addition of(IQdions. behavior between the ammoniacal and ethylenediamine-based basic
According to these findings, we figured out the electrodepositionMedia were discussed thermodynamically in terms of potential-pH
mechanism as(i) cathodic electrodeposition of tellurium atoms di@grams and of the deposition mechanism. Attempts to electrode-
(Te0§* + 6H' + 4e— Te + 3H,0) is followed by(ii) an imme- posit CdTe at 363 K(90°C), a temperature higher than 343 K

. . . . 70°C), were also made under some conditions.
diate adsorption of C(tI}\IHg)ﬁ+ ions on the tellurium, andiii) un- ( )

derpotential deposition of the QdH; fﬁ ions to form CdTe

(Cd(NHy)3" + Te + 2e — CdTe+ 4NH,).° It is necessary for the _ o
formation of stoichiometric CdTe that the deposition of Te is quan-  Basic agueous electrolytes containing CdSTe0,, and ethyl-
titatively followed by that of Cd. If Te atoms deposit on previously €nediamingen)were employed for the CdTe electrodeposition. Al
deposited Te, bulk-Te forms. Therefore, adsorption ofiCibns on the chemical¢Nacalai Tesque, Inwere of reagent grade and used
deposited Te should occur immediately to prevent a codeposition ofvithout pretreatment; the aqueous electrolytes were prepared by dis-
bulk-Te, although an over-adsorption of @4 ions sometimes poi- solving the chemicals in deionized water with a spemﬂc resistance
sons the Te deposition not only on Te but also on previously deposlarger than 5x 10° O cm. Tables | and Il summarize the concen-
ited Cd, resulting in a small overall rate of CdTe deposition. Devia- trations of Cd(ll), TélV), and ethylenediamine and the pH of the
tion from stoichiometric composition of CdTe electrodeposited from basic electrolytes prepared for this work. The pH of the electrolytes
ammoniacal baths was controllable by the(lDéTe(IV) concentra- ~ Was adjusted by the addition of sulfuric acid. The pH of electrolytes
tion ratio, g)H, or ammonia conterite., concentration of ligand, of ~ranged from 9.5 to 12.5 and the Cd(#ind Te(IV)species were thus
the bath$® The cadmium content of the resulting deposit increaseddissolved as Cd(ef) and Te@™ ions, respectively. The pH was
with increasing Cd(Il)/Te(IV)concentration ratio, rising pH, or de- measured at room temperature, 298 K, with a conventional glass
creasing ammonia content of the electrolytes; the deposition behawvelectrode calibrated using both saturated@4), (pH 12.45 at 298
ior was also well accounted for in terms of the potential-pH diagramK) and 0.01 M NaB,O,-10H,0 (pH 9.18 at 298 K)aqueous solu-
and the deposition mechanism. tions. All cathodic electrodepositions were carried out at 343 or 363
K (see belowunder potentiostatic conditions using a conventional
three-electrode setup, which comprises a potentio§tiikuto
* Electrochemical Society Active Member. Denko HA-151)connected to a function generatidtokuto Denko
Z E-mail: awakura@karma.mtl.kyoto-u.ac.jp HB-111) and a coulometetHokuto Denko HF-20L An Ag/AgCl

Experimental
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Table I. List of aqueous electrolytes containing ethylenediaminéen) employed for potentiostatic electrodeposition of CdTe1).

[Cd(IN] (mM)

[enlo’ [Te(V)]

M pH (mM) 40 60 100 150 200
25 11.00 10 al b1l cl di el
15 11.00 10 a? c2
1.0 11.00 10 a3 c3
0.5 11.00 10 c4

pH
[enlo’ [Cd(In] [Te(V)]

M (mM) (mM) 11.00 11.25 11.50 11.75 12.00 12.50
2.5 40 10 At B1 c1 D1 El F1
15 40 10 A2° B2 c2
1.0 40 10 A32 B3 c3 E3

SConditions al, a2, and a3 are the same as Al, A2, and A3, respectively.
[en]o = [en]+ [Hen"].

electrode immersed in 3.3 M KCI was used as a reference. ThQube Q\ = 70.926 pm) and with a Scanning electron microscope
electrode potentials were recalculated for standard hydrogen eleqSEM). The composition of the deposits was determined within er-
trode (SHE). The deposition potential and the total quantity of ror of 1% by electron probe microanalysis.
charge passed during the electrodeposition were kep0at0 V vs.
SHE and 1.5 C, respectively, for all experimental runs. Gold-plated
copper sheet (1% 30mm) and platinum sheet (20
X 25 mm) were employed for the working and counter electrodes
respectively. The gold platingthicknessca. 3 wm) was carried
out using a 14gdm® KAU(CN),, 70gdm3(NH,),HPO,,
70 g dm 2 K,HPQ, aqueous plating bath under galvanostatic condi-
tions of 15 mA cm? at 343 K; before the gold plating, the copper
sheets were polished with Oi@@n alumina abrasive, degreased with
40 gdn® Na,CO,;, 15gdn® NaOH, 1 gdm? surfactant aque-
ous solution, and rinsed with 10%,80,. A part of the working
electrode surface was covered with Teflon adhesive tape so that
known area (10<x 10 mm) was exposed to the electrolyte as the
surface of the working electrode. A cylindrical glass ves$sapacity . . e
250 cn?) with a silicon rubber lid was used as an electrolytic cell. Tables | and ll),i.e., the solution of pH 11.0 contalnlr[g_ld(ll)]
The vessel was placed in a light resistant box in order to eliminate= 40 MM, [Te(IV)] = 10 mM, and e = 2.5 M. Figure 1
any photoinduced effecfs on the growing CdTe. The electrolyte summarizes the XRD patterns of dep05|tslobta|ned frpm solutlo.n al
was agitated at 500 rpm with a magnetic stirring unit, and the tem-(Fi9: 1@)as well as those from corresponding ammoniacal solutions
perature of the solutions was kept constant with a rubber heatePf PH 10.5 (Fig. 1b), 10.7(Fig. 1c), and 11.0Fig. 1d), each of
controlled by a thermoregulator. When electrolyzed at 343 K, theWhich contains [Cd(I)] = 40 mM, [Te(IV)] = 10 mM, and
electrolyte and the KCI solution of the reference were connected NHsliow = 5.0 M. In addition to diffraction peaks attributed to the
electrically with an agar bridge prepared with saturated KCI solu- Substrate materials, Aiand Cu;® there was a peak at around @f
tion. At 363 K, however, since the agar was not stable, the referencd0-13°. In this 26 range, diffractions from CdT&11)" (26
electrode fitted with a ground glass liquid junction was immersed in= 10.876°) and/or Te(1013 (26 = 12.593°) planes may appear.
an attached glass vessel filled with ethylenediamine-based electro- The three deposits obtained from ammoniacal baths with differ-
lyte of 298 K having the same composition as that in the mainent pH gave a set of characteristic diffraction peafs:a broad
electrolytic cell, and the two solutions in the attached vessel and théialo-like peak ranging between 8-1%Fig. 1b), (i) a relatively
main cell were connected with an U-shaped liquid bridge. Cyclic sharp diffraction from the CdT&11) plane (Fig. 1c), and(ii) a
voltammogramg(CVs) for stagnant electrolytes were obtained by sharp but rather weak diffraction due to CdT#1) Fig. 1d). Since
scanning the potential of the working electrode at a constant scathe compositions of the deposif8, (ii), and (iii) were 37.9, 49.1,
rate of 10 mV §* using the same electrolytic setup. and 50.7 mol % Cd, respectively, they were categorized in the pre-
The morphology of the resulting deposits was examined with anvious work as Te-rich amorphous, Te-rich CdTe, and Cd-rich
X-ray diffractometer(XRD) equipped with a molybdenum X-ray CdTe. The Cd contentscy (mol %) of the Te-rich amorphous de-

Results and Discussion

Comparison with the deposition behavior from ammoniacal
‘baths.—Our recent studyconcluded that ammoniacal baths of pH
10.7-11.0 with composition:[Cd(ll)] = 30-60 mM, [Te(lV)]
= 10 mM, and[NHsz]iotw = 5.0 M, where[NH3]iota = [NH3]

+ [NH,*], give CdTe deposits of near stoichiometry under poten-
tiostatic electrodeposition at0.70 V vs. SHE. Considering that
ammonia is a monodentate ligand while ethylenediamine is a biden-
tate, it seemed that the situation[®H; ],y = 5.0 M might simply
orrespond to that dfen],y, = 2.5 M, that is the same concentra-
ion of coordinating atoms. Based on this concept, we began an
investigation on ethylenediamine bath with solution(el Al; see

Table II. List of agueous electrolytes containing ethylenediaminden) employed for potentiostatic electrodeposition of CdTg?2).

H
[eMpa® [cdn] [Te(V)] P
M (mM) (mM) 9.50 9.75 10.00 10.25 10.50 10.75 11.00 11.50
1.00 10 10 S1 T1 Ul V1 w1 X1 Y1 Z1
0.75 10 10 S2 T2 u2 V2 W2 X2
0.50 10 10 S3 T3 U3 V3 w3
0.25 10 10 S4 T4 U4 V4 w4

a[eh:{otal = [en]+ [Hen"].
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Figure 1. XRD of deposits obtained at 343 K frofa) ethylenediamine bath
([Cd(I)] = 40 mM, [Te(IV)] = 10 mM, [en];oy = 2.5 M) of pH 11.0 and
ammoniacal baths([Cd(Il)] = 40 mM, [Te(IV)] = 10 mM, [NHaz]a
= 5.0 M) of (b) pH 10.5,(c) pH 10.7, andd) pH 11.0. Cathode potential
was —0.70 Vvs. SHE. Total quantity of charge was 1.5 C.

posits were usuall)cq < 45, while those of the Te-rich and Cd-

rich CdTe were 45< Xcq < 50 andxcq > 50° On the other hand,

C205

Ccd'(aq) + 2en(aq)= Cd(en}*(aq)
AH°® = —55.59 kJ mol?

AS® = —4.18 J mottK™?!
Ccd*(aq) + 3en(en)= Cd(en§*(aq)
AH°® = —82.35 kJ mol?

AS® = —54.34 J moltK™?

Equilibrium reactions, in which Gdl)-en complexes do not partici-
pate, and chemical potential data of other species which were also
used for the Cd-Te—Nj+H,O system'’ e.g., TeQ, TeG, and
Cd(OH),, are summarized in Tables Il and | of Ref. 10, respectively.
For simplicity, it was assumed that protonated ethylenediamine spe-
cies Heri were not coordinate to Gd ions, although one of the
amino group of Het is still active as a coordination site. Doubly
protonated species Bt ", of which acid dissociation constalt,,
(=[Hen'[H*]/[Hert*]) is 107 7%% is not dominant at pH
8-14.5 and thus we considered

[en]ow = [eN]+ [Hen+] [1]

The K4, of Hen™® (i.e.,[en][H*]/[Hen'] = 10 %% gives the re-
lationship

pH — log[en] = 9.89 — log[Hen"] [2]

and Eg. 1 and 2 then provide the relationship among[eH], and
[en]total as

pH — loglen] = 9.89 — log[en],,iy + log(1 + 10°P77989 [3]

Since ethylenediamine is a neutral molecule above >pHO
(=pK,y, all the K, values used for the calculations were those
under ionic strength of 0.1 for the sake of convenience, though the
bath sometimes contains a concentrated amount of ethylenediamine,
e.g.,[enim = 2.5M.

Figure 2 depicts potential-pH diagrams of the Cd-Te-e@dnd
Cd-Te-NH;:-H,O systems devised under the following conditions:
activity of dissolving cadmium specieg,y = 0.1 and tellurium spe-
ciesar, = 0.01, temperature 298 K.enly, = 0.25, 1.0, 2.5 M
(Fig. 2a) or [NH3]iota = 5.0 M (Fig. 2b); here, we identified the
activity ay, of dissolved substances M with their molar concentra-
tion [M] in molarity (mol dm™%). Potentials for the deposition of
elemental Cd are also indicated in the diagrams. Deposition poten-
tial of CdTe at pH 10.5-11.0 for ethylenediamine and ammoniacal

solutions are determined by the following reactions
Cd(en§" + Te + 2e= CdTe+ 3en [4-1]

Cd(NHp)3™ + Te + 2e = CdTe+ 4NH, [4-2]

XRD for the deposit obtained from ethylenediamine solution al ¢ is clear that the potential of Reaction 4-1[&n],y, = 2.5 M is
(Fig. 1a)provided a rathgr broad peak, like that pf Elg. 1b, and the g3pout 85 mv negative than that of Reaction 4-2 [&tHs]

Cd content of the deposit was 31.4 mol %, indicating that the de-_ 5.0 M. The same negative shift of 85 mV is evident for the
posit fell into the category of Te-rich amorphous. Therefore, it can Lo i~

be concluded that the deposition of cadmium from an ethylenedi-potentlal of the deposition of elemental Cd

amine bath is hindered compared with that from the corresponding Cd(en§+ + 2e= Cd + 3en [5-1]
ammoniacal bath. -
To compare the thermodynamics of CdTe electrodeposition from Cd(NHy);™ + 2e = Cd + 4NH; [5-2]

ethylenediamine with that from ammoniacal baths, a potential-pH

diagram of the Cd-Te-en-J® system was constructed in the same taking into account that the potential difference of Reactions 4-1 and
manner described previoudfyfor the Cd-Te-NH-H,O system. 5-1 and that of 4-2 and 5-2 are both 516 mV, which is determined as
Table Il summarizes the equilibrium reactions and conditions con-AG°cqrd2F,* and is independent of the type of ligand to (@d
cerning Cd(ll)-en complexes considered to construct the diagram irhere, AG°cq4re is the free energy of CdTe formatiofCd(s)

the pH range of 8-14.5 and the potential range-af0 to+1.0 Vvs.
SHE. Formation enthalpy and entropy data of(lQeen complexes
used to calculate the reaction conditions were as foftdws

+ Te(s)= CdTe(s] andF the Faraday constant. As mentioned in
the Introduction, the deposition mechanism of CdT@)ishe reduc-
tive deposition of Te atoms
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Table Ill. List of equilibrium reactions  and conditions> concerning Cd(ll)-en complexes, Cc{en)§+ and Cd(en)§+, considered to construct
potential-pH diagram of the Cd-Te-en-H,O system. Molar concentrations(mol dm~) of dissolved substances are designated in brackets, e.g.,

[M*].

Equilibrium reactions Equilibrium conditions
1 Cd(en§” + en= Cd(en§" loglen]= —2.07 + log([Cd(en§ ]/[Cd(en§*])
2 Cd(en§* + 2H,0 = Cd(OH), + 2H" + 3en 2pH— 3 log[en]= 25.88— log[Cd(enj"]
3 Cd(en§* + Te + 2e= CdTe+ 2en E(V) = —0.168— 0.0591 log[en}+ 0.0295 log[Cd(er)']
4 Cd(en§* + Te + 2e= CdTe+ 3en E(V) = —0.229— 0.0886 log[en}+ 0.0295 log[Cd(er3)']
5 Cd(en§* + TeG5™ + 6H" + 6e E(V) = 0.474— 0.0295 log[en}- 0.0591 pH

= CdTe+ 3en+ 3H,0 + 0.00985 log[Cd(en} ][TeCs ]

6 Cd(en§* + 2e= Cd + 2en E(V) = —0.684— 0.0591 log[en}+ 0.0295 log[Cd(er)']
7 Cd(en§* = 2e= Cd + 3en E(V) = —0.745— 0.0886 log[en}+ 0.0295 log[Cd(er)']

% For other reactions, where Gag" and Cd(erd* do not participate, see Table Il of Ref. 10.

P cd, Cd(OH), Te, and CdTe were considered to be solid with activity of 1.

°[en]= [en]ys — [Hen']; since the acid dissociation constakf of ethylenediamine is 10°% [en] ~ [en]ya for pH > 10.89 and
pH — log[en] ~9.89 — log[en],. for pH < 8.89; protonated ethylenediamine Hewas considered not to coordinate to cadmium (see
the text).

Te® + 6H' + 4e= Te + 3H,0 (6] itself and, thus, the deposit from the ethylenediamine solution is
expected to have a composition poorer in cadmium than that from

followed by (ii) adsorption andiii) underpotential deposition of Cd the c_:orrespondlng amr_nonlacal bath. . L

atoms on the resulting Te atoms to form CdReaction 41 here, Figure 3 shows typical CVs for basic ethylenediamipeno

the word underpotential means the potential positive of the Nernst= 2-5 M) and ammoniacal bathfNH3]i = 5.0 M) containing
potential for bulk Cd depositiofiReaction 5). The composition of Poth Cd(ll)and Te(IV)ions. In the voltammogram of the ethylene-
the resulting deposit at potentials positive of bulk Cd deposition is,diamine bath(Fig. 3a) there are two cathodic (A B’) and two
therefore, governed by both the overpotential of Te deposifte anodic (B, F') waves. Comparison of the voltammogram with that
action 6) ny and that of Cd deposition on the surface (Reaction of the ammoniacal batfFig. 3b)'° revealed that the waves' Aand

4) mcqre OF, t0 be specific, by the difference in overpotentiglg, B’ corresponded to the forward processes of Reactions 6 and 4-1,
andmcqre, Which corresponds to the width of the domain of stabil- respectively, while Fand E corresponded to the backward ones. A
ity of Te on the potential-pH diagram. The two potential-pH dia- |arge peak separation of waves (&r A’) and F (or F') due to
grams manifest that, under the same potentiostatic cond®i@,  1e/TeG redox showed that Reaction 6 is irreversible. The depo-
E = —0.70Vvs.SHE, the overpotentiajcqre (=Eeqs — E) iNthe  gjtion and stripping features, each of which exhibited two waves
ethylenediamine solution ¢Bnly = 2.5 M is smaller than thatin - gyring formation and decomposition of CdTe, demonstrated the
the ammoniacal solution ofNHz]ie = 5.0 M, while themre  presence of the stability domain of elemental Te between the do-

§:Eﬁq.6_ E) for thle eth)_lll_t;z]r_we_dig_mine 5?}'““%” is_(ijdﬁnt;c?]l tg that mains of CdTe and Te)/Cd(en}* in the potential-pH diagrams. It
or the ammoniacal one. This indicates that the width of the domain. : "

; ) . is noteworthy that the cathodic wave ,Bdeposition of CdTe, and
of Te on the diagram of the Cd-Te-NHH,O system(Fig. 2b)is y P

. anodic wave E, decomposition of CdTe to elemental Te and
narrower than that of corresponding Cd-Te-efBHsystem under Cd(en§", appeared at potentials more negative than the case of the
[en]iwr = 2.5 M (Fig. 2a). In consequence, the deposition of Cd » app P 9

. . ; L ammoniacal bathi.e., waves B and E, while anodic dissolution of
atoms on previously deposited Te atoms in the ethylenediamine so-

lution does not occur fast enough to prevent the deposition of Te Or{esultlng elemental Te (B_: occurr_ed_at a".“”OSt the same pote_ntlal as
wave F. These observations coincide with the fact that, while Reac-

tion 6 is identical for ethylenediamine and corresponding ammonia-
cal baths, the Nernst potential of Reaction 4-1 is more negative than
that of Reaction 4-2, as calculated above. The deposition of bulk-Cd
(C) and its strippingD) did not appear for the ethylenediamine bath
in the potential range scanned beyon@.8 V vs. SHE, also sug-
gesting the validity of the potential-pH diagrams. Although the an-
odic peaks F and'Fappeared at identical potentials, corresponding
cathodic peaks A and 'Awere recognized at different potentials: Te
deposition (A) from the ethylenediamine bath was shifted nega-
tively compared with thatA) from the ammoniacal bath. This is not
— consistent with the above discussion that Reaction 6 should occur at
A | bdTescd the same potential unle§$e(IV)] is different. We have no definite
Y7 8 9 10 11 12 13 14 0T 9 10 11 12 13 14 interpretation of the shift, but it might be due to a difference of
pH pH irreversible nature of Te/T€D redox between ethylenediamine and
ammoniacal baths. The small anodic peak of the stripping of under-
fpotential deposited Te layer on the Au substrate, peak G, was
unclear for the ethylenediamine bath. This seemed to be attributed to
a difference in deposit obtained from the ammoniacal and ethylene-
diamine baths employed for the voltammetry; the former gave a

E/V vs. SHE
E 1V vs. SHE

Figure 2. Potential-pH diagrams ofa) the Cd-Te-en-KHD and (b) the
Cd-Te-NH;:-H,O systems at 298 K calculated assuming that the activities o
dissolved cadmium and tellurium species are 1@nd 102, respectively,
that the total ethylenediamine concentrati¢es],,, are 0.25, 1.0, and 2.5

M, and that the total ammonia concentratjiH; ] is 5.0 M. (-------- ) and . - . .

(— — —) are boundaries of cadmium- and tellurium-containing species, re- | €-fich polycrystalline deposit, and the latter a Te-rich amorphous
spectively,(——) boundary of CdTe, and———) an electrochemical ~ deposit which does not have a well-ordered Te structure on the Au
window of water. surface.
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(a) [Te(V)] = 10 mM, pH 11.00
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Figure 3. CVs for (a) the ethylenediamine solutioti Cd(Il)] = 40 mM, 11.00 11.25 11.50 11.75 12.00 12.50

[Te(IV)] = 10 mM, [en]m = 2.5 M) and (b) the ammoniacal solution L 314 L 381 [ 379 | 465 | 451 | 446
([Cd(I)] = 60 mM, [Te(IV)] = 10 mM, [NH3]iom = 5.0 M) at 343 K. o5

5 10 15
20 / degree (Mo-Kay)

Effect of composition and pH of ethylenediamine batfBased =
on the results described in the preceding section, the depositior~_
condition was modified so as to promote the deposition of cadmium £ 4 5
or to suppress the deposition of tellurium, in order to obtain a stoi-

[

C5 i
G

chiometric CdTe deposit from ethylenediamine-based solutions. The @ , 0
most straightforward way to promote the deposition of cadmium L 549 | 538 | 80 3
would be to increase the @& concentration,i.e., [Cd(eni*], L L i ;
keeping[Te(IV)] constant. From a thermodynamic point of view, 1.0 L L L 40 5
increasing[Cd(enf] corresponds to a positive shift of the Nernst wd ; S
potential for the deposition of Cd atoms on Te to form CdTe accord- : "W : 0 E

ing to Reaction 4-1. The potential of Reaction 4-1 given by
Figure 4. XRD and Cd contenf{mol %) of the deposits at 343 K from
E(V) = —0.229—- 0.0886 logen|] + 0.0295 Io@Cd(enf] ethylenediamine baths summarized in Tabléa):[Cd(ll)] = 40-200 mM,
[7]  [Te(V)] = 10 mM, [eNlgm = 0.5-2.5M, pH 11.00 and(b) [Cd(ll)]
= 40 mM, [Te(IV)] = 10 mM, [en]w = 1.0-2.5M, pH 11.00-12.50.
suggests that not only increasi[ﬁ@d(en%*] but also decreasing Cathode potential was0.70 Vvs.SHE. Total quantity of charge was 1.5 C.
ethylenediamine concentratioig., [en], leads to a positive shift of
the potential and to a promotion of the cadmium deposition. On the
other hand, a negative shift of the potential of Te depositiReac- When the Cd(ll)concentration increased from 40 mfdolution
tion 6), of which the potential is defined as al)to 200 mM(el), the morphology was changed from amorphous
B with broad diffraction ranging 8-15° to crystalline with relatively
E(V) = +0.827— 0.0886 pH+ 0.0148l0§TeC; ] (8] sharp diffraction due to CdT#11)peaking at ® = 10.9° (Fig. 4a,
the first row). At the same time, the cadmium content was increased
by rising pH or decreasing T®/) concentrationj.e., [TeQ} ], is from 31.4 mol %(al)to 47.2 mol %(el), but did not go up to or
practical to suppress the deposition of tellurium. Consequently,exceed stoichiometric compositione., 50 mol % Cd, within the
based on the initial conditions[Cd(Il)] = 40 mM, [Te(IV)] [Cd(I)] range investigated. In contrast, the cadmium content of de-
= 10 mM, [en]w = 2.5 M, and pH 11.Gi.e., solution al or A1  posits from ammoniacal electrolytésH 10.8,[ NH;3]iota = 5.0 M,
in Table I), attempts to deposit stoichiometric crystalline CdTe were[Te(IV)] = 10 mM), for example, could be varied from Te-rich
made by (i) increasing[Cd(Il)] up to 200 mM, (ii) decreasing  (49.0 mol %)to Cd-rich(53.0 mol %), by changingCd(ll)] from 40
[eN]iora to 1.0 M, and/oxiii) raising pH to 12.50, keepindre(1V)] to 100 mM? Therefore,[Cd(ll)] concentration of the ethylenedi-
constant for all runs at 10 mM. It should be noted that all theseamine solution here is not a decisive factor in providing stoichio-
approaches corresponded to make the domain of Te narrower. Fignetric CdTe.
ure 4 shows a part of the XRD patternd) 2 5-15°, of deposits The effect of ethylenediamine concentration was examined using
obtained under various electrolytes. Compositiom®l % Cd of electrolytes with Cd(ll)] of 40 mM (solutions al-a3and 100 mM
the deposits determined by EPMA are also summarized in the fig{c1-c4) Fig. 4a, the first and third columpsThe cadmium contents
ure. of deposit in each case were increased with decredsnf, .
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Polycrystalline CdTe with compositions near stoichiometry were de-  Deposition at higher temperature, 363.-KSince ethylenedi-
posited from solutions a3 and c2. The deposit from solution ¢3 hadamine is less volatile than ammonia, it is possible to electrodeposit
a composition richer in Cdi,e., 53.8 mol % Cd, and exhibited a CdTe at temperatures higher than 3434°C). Potentiostatic elec-
relatively weak XRD peak due to Cd{lell), suggesting that the trodeposition at 363 K90°C)was thus carried out and the resulting
deposit belongs to the category of Cd-rich CdTe. Our recent $tudy deposits were compared with those obtained at 343 K. Table II
using ammoniacal baths revealed that a thinness of the CdTe elesummarizes the ethylenediamine electrolytes employed for the
trodeposited at relatively low current efficiency less than 30% isdeposition. Each electrolyte contains 10 mM(IDdand 10 mM
responsible for such a weak XRD peak of Cd-rich CdTe. As clearly Te(IV); the Cd(Il)concentration and pH were lower than those sum-
seen in the potential-pH diagraffrig. 2a), a decrease iren] marized in Table | except for solutions with pH of 11.00 or 11.50,
makes the domain of elemental Te narrower and the overpotentialvhile the ethylenediamine concentration was reduced to 1.00-0.25
McdTe iINCreases to approachy,. Under such a condition, the ad- M instead, in order to deposit near stoichiometric CdTe.
sorption of Cd(Il)ion inhibits the deposition of Te atom not only on Figure 5 summarizes the XRD patterns in tierange 5-15° and
itself but also on previously deposited cadmium atoms, resulting inthe Cd contents of the resulting deposits. The sharp diffraction peak
a small overall rate of CdTe deposition. An extreme case was theecognized occasionally at§2~ 9° is due to a Teflon adhesive,
deposit from solution c4, exhibiting relatively sharp diffraction which could not be completely peeled off from the cathode surface
peaks at 26&f 9.9 and 11.1°, which can be assigned to (th&0) and before XRD measurement. As already found in Fig. 4b, there was a
(111) planes of CgAu intermetallic compound®?! In this case, tendency for the Cd content of the deposit obtained at 348ig.
CdTe deposition was thoroughly depressed andICibns adsorbed ~ 5a)to increase with rising pH and/or decreasjm®];, and that, at
on Au substrate underwent an underpotential reduction to form thghe same time, the morphology was changed from amorphous to
Cd-Au intermetallic compound. polycrystalline. Electrolytes with relatively low pH and large
The cadmium content of the deposit also increased with rising[ en]iy. €.9., solutions S1-W1 and S2-T2, provided typical Te-rich
pH (Fig. 4b, the first row). However, it can be concluded here thatamorphous deposits with broad diffraction ranging from 8 to 15°,
increasing pH beyond 11.00 is not appropriate for deposition ofthose with high pH and smdlen],.., €.9., Y1 and W2-W4, yielded
single-phase polycrystalline CdTe with stoichiometric composition. Cd-rich CdTe deposits with very weak or almost no CdTd)
Deposits from solutions DipH 11.75)and E1(pH 12.00)gave a diffraction, and those in between gave Te-rich crystalline CdTe de-
diffraction from CdTgl11)at 26 = 10.9°, but at the same time, a posits with clear CdT@11)diffraction at 2 = 10.9°. In particular,
small diffraction peak due t6101) plane of elemental Te was rec- solution T3(pH 9.75,[eN]iora = 0.50 M) gave an intense CHl1)
ognized at ® = 12.6°. This indicated that the deposits were not a diffraction, indicating that the Te-rich deposit was obtained with a
single phase. Further, the deposit at pH 12&flution F1)did not high current efficiency.
have sufficient thickness to provide a clear diffraction. In the cases In contrast, most of the electrolytes at 363 K gave deposits with
[en]ior = 1.5 and 1.0 M(solutions A2-C2 and A3-B3only solu- relatively intense CdT@11) diffraction. In many cases, the compo-
tion A3 with pH 11.00 provided near stoichiometric CdTe with a sition of resulting deposits could approach stoichiometric composi-
sharp CdTe(111dliffraction. tion by rising the deposition temperature from 343 to 363 K. Elec-
In consequence, the composition and morphology of the depositrolytes which provided Te-rich amorphous deposit at 343K,
from the ethylenediamine bath could be controlled by thé€li@d  solutions S1-W1, S2, T2, and S3, yielded more or less crystallized
Te(IV) concentration ratio, pH, and concentration of ligand, CdTe deposit at 363 K with Gfi11) XRD peak, except for solution
[enlow, as already found for ammoniacal alkaline baths. Among S1 which gave a two-phased deposit with two diffractions due to
these three variables, howevper,,, seemed to be the most rea- CdTe(111)and Te(101). Electrolytes which provided polycrystalline
sonable factor affecting the composition and morphology of the re-Te-rich or Cd-rich CdTe deposits even at 343 K usually gave de-
sulting deposit. It is required that, in order to deposit stoichiometric POSits with more intense CdTkL1) diffraction, compared to those
CdTe, the concentration of the coordinating atom be low enough forat 343 K. Among them, the deposit from solution T3 gave the most
ethylenediamine baths compared with that of ammoniacal bathsintense CdTe(111diffraction.
since bidentate ethylenediamine acts as a ligand stronger than mono- Since all the XRD measurements were performed under the same
dentate ammonia due to the so-called chelate effect. 26/6 arrangement, the integral intensity of the CdIlkL) peak cor-
There was a tendency for the current density during each elecesponds to the thickness of deposits, unless the orientation of the
trodeposition of Te-rich and Cd-rich CdTe to decrease monotoni-deposits is varied by deposition conditions. Considering that the
cally with the elapse of time, while a sudden increase of the currentotal quantity of charge passed during the electrodeposition was kept
at the beginning of electrodeposition was recognized during thedt 1.5 C for all runs, the rise of diffraction intensity of the
deposition of the Te-rich amorphous phase. The initial current den<CdTe(111)peak suggests an increase in current efficiency for the
sity decreased witki) increasing Cd(Il)/Te(IV)concentration ratio, ~ €lectrodeposition. Thus, it can be said that the current efficiency
(ii) rising pH, or (i) decreasing the concentration of complexing |ncreased_v_\/|th rising erosmon_ temperature. Current density during
agent, ethylenediamine, In most cases, the current density finallh€ deposition of Te-rich CdTe is usually in the order of 10-30
settled at 10-10QA cm™2 These features regarding current density ¢ “. For example, the current densities for solution T3 after ample
were completely the same as those recognized for ammoniacdime had elapsed settled to 40 and 308 cm™~ at 343 and 363 K,
baths® respectively. This suggests that, unlike the case of acidic Baths,
The deposits from ethylenediamine baths usually appeared a)e deposition currents are not a mass transfer-limitation of the
silver-gray(Te-rich amorphous glossy blue-blackTe-rich CdTe), ~ Cd(ll) or Te(IV) ion, because the limiting current expected from the
or interference-colore@Cd-rich CdTe); the interference color of the Cottrell's equation iy = nFDC/8 under [Cd(I)] = [Te(IV)]
Cd-rich CdTe was due to the thinne@ess than 3um) of the de- = 10 mM, for instance, is around 20-40 mA Cf) given that the
posits as can be seen from the weak XRD intensity, while others haghumber of electrons, the diffusion coefficienD, the concentration
a thickness of 1-2um. Such a characteristic color dependent on theof ions C, and the thickness of diffusion layed are 2-4,
composition was also observed for the deposits from ammoniacal0~% cn?s™%, 10 wmol cm™3, and 102 cm, respectively. Since ad-
baths’ It is possible to obtain thick CdTe deposits, if electrolysis is sorption of Cd(ll)is a fairly fast process, as mentioned above, the
extended to longer times. Although we have not determined currenslowest stepi.e., the rate-determining step, of CdTe electrodeposi-
efficiency for each deposit from ethylenediamine baths, it is reasontion is deposition of Te through the Qb layer adsorbed on the
able to consider that the efficiency is at the same level as found focathode surface or underpotential reduction of Cd on previously
ammoniacal bath3:>95% for Te-rich amorphous; 45-90% for Te- deposited Te to form CdTe. These steps during the electrodeposition
rich CdTe; 10-30% for and Cd-rich CdTe. of crystalline CdTe involve an incorporation of reduced atoms in the
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1.00 i Figure 6. SEM micrographs of CdTe electrodepositedat343 K and(b)
: i i i i i 363 K from ethylenediamine bath €nl;,y = 0.50 M, pH 9.75)containing
A i 2 i r 10 mM Cd(ll) and 10 mM Te(lV) i.e., solution T3 in Table )l
| 48.9
0.75 L . . . .
;A high resolution SEM, but it seems that the granular deposits as a
= , similar aggregate.
= | 48.9
B | Conclusion
5 0.50 - - Electrodeposition of CdTe from basic aqueous solution contain-
' - 3 ing ethylenediamine as a ligand to €don was studied. Based on
3 - the condition established for CdTe deposition from ammoniacal so-
L H lution, the Cd(Il)/Te(IV)concentration ratio, pH, and concentration
- 200 & of ethylenediamine of the electrolytic bath were optimized so as to
| 48.8 | 62.3 ° electrodeposit CdTe with near stoichiometric composition. There
025 | H L 100 2 was a tendency for the Cd content of the deposit from ethylenedi-
L L 2 amine baths to be lower than that from corresponding ammoniacal
/\ [3) . . .
- - 0E ones. Among the above three variables, decreasing the ethylenedi-
5 10 15 amine content was the most effective factor in promoting the depo-
26 / degree (Mo-Ka) sition of cadmium. To discuss the deposition behavior, which pri-
(b) marily follow the same trends as already found for ammoniacal

baths, a potential-pH diagram of the Cd-Te-ejOHsystem was con-
Figure 5. XRD and Cd contentmol %) of the deposits afa) 343 K and(b) structed. The deposition behavior was then discussed on the basis of
363 K from ethylenediamine baths summarized in Tabld @d(Il)] = 10 the elemental-Te domain, of which width corresponds to the differ-
mM, [Te(IV)] = 10 mM, [en],,y = 0.25-1.00 M, pH 9.50-11.50. Cathode  ence in overpotentials of Te depositiafy,, and Cd deposition on
potential was—0.70 V vs. SHE. Total quantity of charge was 1.5 C. Te, Mcare, Under the mechanism of deposition of tellurium atoms
followed by underpotential deposition of cadmium atoms to form
CdTe. The use of ethylenediamine instead of ammonia rendered it
possible to raise the temperature of electrolytic baths up to 363 K,

crystal lattice. The rate of the incorporation was promoted at highef€sulting in a highly crystallized CdTe without any postdeposition
deposition temperatures,g., 363 K, and, therefore, the overall rate treatments under relatively wide experimental conditidres, pH
of CdTe deposition was accelerated, resulting in the increases oftnd ethylenediamine content.
thickness and current efficiency.
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