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Electrodeposition of ZnTe Film with High Current Efficiency
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The cathodic electrodeposition of ZnTe film was studied using an aqueous citric aci(hblath temperature 368 Kin which

Zn(Il) and Te(IV)species were dissolved to form Zn(Git)and HTeq ions, respectively. The deposition mechanism was studied
based on cyclic voltammetry. The influence of the deposition potential on the morphology, composition, and structure of the
deposited film was also investigated. A smooth, dense polycrystalline ZnTe film with nearly stoichiometric composition was
deposited at a constant cathode potential, ranging fr@h80 to—0.60 Vvs.Ag/AgCl, from a solution containing 20 mmol dr

Zn(ll), 0.16 mmol dm® Te(IV), 0.25 mol dm 3 H,Cit, and 0.25 mol dm® NayCit (Cit = C4Hs0,). Potentials in this range
provided the deposited ZnTe film with high current efficieriapove 98%). During electrodeposition of the nearly stoichiometric
crystalline ZnTe, the current density was approximately stationary.
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Zinc telluride (ZnTe) is well known as a 11-VI compound semi- acid solution has been reported by Pottéral.?® there are few
conductor suitable as window material when employed as a veryreports on the electrodeposition of compound semiconductor con-
thin layer in a heterojunction cell or in a n-i-p célZnTe is usually ~ taining Te from a citric acid solution.
p-type. In addition to fabrication techniques such as metallorganic  The solubility of TeQ as HTed ions at pH 3 is, for example,
chemical vapor deposition, molecular beam epitaxy, or vacuum10 ® moldm 3, but with citric acid added it improves to about
deposition, electrodeposition has also been employed for the fabrid0 2 mol dm 3. Therefore, the deposition rate of ZnTe from a citric
cation of thin film composed of II-VI compounds. Among these acid bath can be expected to increase. Despite the high solubility of
various techniques, electrodeposition can be potentially an interestfe species in a citric acid bath, little is known about the electrodepo-
ing cost-effective area processing technique. Electrodeposition frongition characteristics of ZnTe prepared from such a bath. In this
aqueous electrolytes also offers the advantage of being a lowPaper, we report a single electrochemical process for the direct
temperature process. Much research has been performed on the elél€position of ZnTe and characterize it according to the effectd of
vodeposiion of the telurides, CATE and Caig, Te, 4 and e CA1ode potentale, cathode overpetertaly) e 2n and fe
;21_;2%_262 gn;:_ga::;osgigf:”s)’l bzerﬂe(?\’ elggt?ciljepigi':g dS(;’t a rglr:givelywere characterized by X-ray diffractiofKRD), scanning electron

. . R . i EM), -di ive X- I DAX),
negative potential, which indicates that a parallel reaction also pro microscopy(SEM), energy-dispersive X-ray analys ), and

inductively coupled plasma atomic emission spectromeélGP-
ceeds,i.e., hydrogen evolution reductiofHER). HER reduces the AES). y P P P ¢oP

current efficiency of the electrochemical process. In order to sup-
press HER and achieve higher current efficiency, either a higher pH Experimental
solution has been employed or electrodeposition has been conducted itric  acid aqueous electrolytes  containing  ZnSO
at a potentlal_ more posmve't_han would al!ow HER. Howeye_r, iN- 760,  CgHgO;-H,O  (HsCit-H,0), and NaCgHsO;-2H,0
creasing pH Ilmlts the solubility pf Te species. Thus, an acidic SU"(Na3Cit-2H20) were employed for the ZnTe electrodeposition. Al
fate solution vglltgsa pH of 1-3.5 is often employed for electrodepo- chemicals were of a reagent grade and were used without pretreat-
sition of ZnTe;™>which is conducted at a more positive potential ant Deionized water (7.% 10° O cm) was obtained from an
than the redox potential of the less noble spediesthis case,  Aytostill water systen(Yamato Co., Ltd., WG25 Table | summa-
Zn[ll]), while employing a diffusion-limiting current for the more  rizes the concentrations of Zn and Te and the pH of the citrate
noble speciegi.e., TdIV]). Accordingly, an appropriat¢Zn(Il)]/ electrolytes employed. Electrolytes of various zinc and tellurium
[Te(lV)] concentration ratio in the acid e|eCtrO|ytiC bath, aIIOWing concentrations were prepared from Znts(]'eoz’ and distilled-
the deposition of stoichiometric ZnTe, is determined by the deionized water as shown in Table I. Each Zn-Te-citrate bath was
diffusion-limiting current of the Te reductiong., the concentration  obtained by dissolving the appropriate amounts of Zn and Te. The
of Teé** or HTeQJr ions. Because the solubility of Te species in the dissolution process was carried out while stirring the mixed solution
acid bath is quite lowf/ the deposition rate of ZnTe from the acid for several tens of minutes. After complete dissolution, the mixed
bath is also extremely low. solutions were extremely stable against the precipitation of Te spe-
However, it has come to light recently that the solubility of the C1€S- For the pH 4 solutions, there was no visible precipitation of
Te(IV) species in the acid bath could be increased by the use of d©V) SPecies even when the Te concentration was increased to 1
new precursdf or a complexing ageri€ The former is the use of MmOl dm = (not shown 'in Tr%‘lgle ). It has been reported by
the existence of possible high supersaturation of dissolved te”uriunyeumann-Spallart ?‘.“d Kugsteirt™ that an optimal pH range for th_e
. . . . . nTe electrodeposition was 4.0-5.5. Thus, the pH of the solutions
oxide, which was introduced as a special precursor sze@:, _used for our experiments was. 4.0, keeping an equal concentra-
metastable TeQ The use of the new precursor made the stoichio- tjon ratio between citric acid and sodium citrate iofise.,
metric ZnTe depos_ition possil_)!e from a Weak_ aci_dic solutipHl [NasCit]/[HsCit] = 1) and with the temperature maintained by
4.5) and allowed higher solubility of T&/) species in the electro-  rypher heater at 368 K in all cases. The pH of the electrolytic bath
lytic solution. The latter is the use of citric acid as complexing was measured with a conventional glass electrode calibrated using
agent. Although the electrodeposition of Culp$itms from a citric saturated KCI aqueous solution. The pH was measured at a room
temperature of 298 K, whereas all electrolytic experiments were
carried out at 368 K. Cathodic electrodeposition was performed un-
* Electrochemical Society Active Member. der potentiostatic conditions using a conventional three-electrode
Z E-mail: isizaki@moegi.waseda.jp setup comprised of both a potentiostadtokuto Denko HA-501
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Table I. Electrolytic bath composition and operating conditions
employed for deposition of ZnTe?

Concentration (M= mol dm3%)

+

ZnSQ, TeO, HiCit NaCit [Citliom 2
Sample (mM) (mM)  (mM) (mM) (mM) pH g
1 50 0.16 250 250 500 4.0 9
2 30 0.16 250 250 500 4.0 5
3 20 016 250 250 500 4.0 E
4 10 016 250 250 500 40 © — (ii)
5 5 0.16 250 250 500 4.0 !
6 1 0.16 250 250 500 4.05
7 2 0.5 250 250 500 4.05
8 0.5 0.16 250 250 500 4.05

@ Cathode potential ranges were fror0.55 to—0.95 Vvs.Ag/AgCl.

{ 1 . I s 1 L 1 . 1 . ! s 1 .

-2 -10 -08 -06 -04 -02 00 02 04 006
E/V vs. Ag/ AgCl

connected to a function generat@iokuto Denko HB-10% and a
mersed in saturated KC) was used 26 a reference. Excepl as otfi9ure L CVS for ciric acid soluions [Cillgy = 0.5 moldri® pH
erwise stated, electrode potentials are quatedAg/AgCl. Cyclic ., +:0) containing 0.16 mmol dr? Te(IV) at 368 K: (i) without Zn(ll) and
J . (ii) with 20 mmol dm® Zn (11). Sweep rate 10 mV's..
voltammetry(CV) measurements were conducted by scanning the
potential of the working electrode at a constant rate of 10 mV s
order to examine the electrode reaction from a Zn-Te-citrate bath, it
is necessary to consider the complex formation constant of Zn-= 4° (degrees min). The XRD peaks were assigned based on
citrate and Te-citrate. However, there is no available data for that ofCPDS data. The current efficiency for the ZnTe obtained was cal-
Te-citrate. It is well known that Zn and citrate ions form the com- culated as 10@z, + Qre)/Quotar, WhereQz, and Qr, indicate the
plex as ZnHCit*, ZnHCit, ZnCit", and Zn(Cit§ ~, as shown in charges for the deposited masses of Zn and Te, respectively, whose

the literature’® The pK of complex formation constant is 1.25, 2.98, depositions are assumed to be two- and four-electron reduction.
4.98, and 5.90, respectively. In these ion species, ZniCit)s Quotal IS the total quantity of charge passed during the electrodepo-

shown the most existing ion species in the electrolytic solution fromSton-
the complex equilibrium calculation. Thus, the complex formation
constant of Zn and citric acid was used & g 5.90%C The disso-

ciation constant of the citric acid was used aK,p= 2.87, Cyclic voltammetry—CV was used to study the reactions taking
pK, = 4.35, and pk = 5.69%° where K;, K,, and K; was place during film deposition and to find the appropriate deposition
thought as follows: K,[HsCit] = [H*][H,Cit"], K,[H,Cit"] potential range for ZnTe. Measurements were carried out at 368 K in
= [H*][HCi2"], andK3[HCit?"] = [H*][Cit*"]. A gold-plated an aqueous solution containing 20 mmol @hznSQ,, 0.16 mmol
dm 3 TeO,, 0.25 mol dm® citric acid, and 0.25 mol di? sodium
citrate(i.e., the sum of the citrate concentration was 0.5 mol &m

All voltammograms were first scanned in the cathodic direction,
with negative current density indicating a cathodic current. Figure 1
Ltd., microfab Au310 under galvanostatic conditions of 4 mAcfh ~ Shows two typical CVs obtained with a gold-plated electrode in the
at 323 K. Before gold plating, the copper sheets were polished with€!ectrodeposition bath, wher@ is a tellurium-citrate system be-
6, 1, and 0.3um diamond paste, cleaned with distilled water, and tween 0.60 and-1.0 V and(!l) is a zmc-te[lunum-utrate system
degreased. Part of the working electrode surface was covered witR€tween 0.60 anet1.15 V. In(i), when scanning toward more nega-
Teflon adhesive tape so that a known area X1@0 mm) was ex- tve potentials, the first C?‘thOd'C wave, a, appearing-60 v
posed to the electrolytic solution as the cathode surface. A glas§orresponds to the cathodic reduction of HTe Te. The charge-
vessel(capacity 250 cr) with a rubber heater was used as an elec- transfer reaction proceeds as

trolytic cell. The electrolytic solution was stirred at 400 rpm with a + _

magnetic stirring unit for all runs. In order to avoid any influence HTeQ; + 3H" + 4e” = Te + 2H,0 [1]
from dissolved oxygen, the electrolyte was deaerated by bubbling

pure argon gas through it for about 20 min, after which the flux wasThe second wave, b, at about0.85 V could be ascribed to the
kept over the electrolytic solution. Film deposition was carried out formation of hydrogen and/or the reduction of the solvent. Beyond
potentiostatically with the total quantity of electricity being 1.0 C this potential range, the further reduction of Te to Hfwoceeds as
cm™2. The composition of the deposits was determined quantita-

tively using EDAX (Horiba EX200) and/or inductively coupled Te+ H" + 2e = HTe (2]
plasma ICP-AESIRIS-AP). In the latter case, the deposit was dis-

solved in 1 cm of 13 mol dni 3 nitric acid and the solution was At lower pH, the corresponding reduction reaction is

diluted with distilled water to finally reach 100 ¢m In all cases,

the reproducibility of the composition data was checked by dupli- Te+ 2H" + 2e = H,Te (3]

cate runs under the same experimental conditions. Experimental er-

ror for the composition of the obtained deposits was thus determinedve also observed this reduction reaction ori.

to be within 3%. The surface morphology of the obtained deposits  The (i) voltammogram exhibits a small anodic plateau between
was observed by SENHitachi S-3000N). XRD (Rigaku RADII-C)  around 0 and 0.30 V, indicating the beginning of the oxidation of Te
was conducted to examine the crystal structure of the deposits. XRIby the reverse process of Reaction 1. Based on the Pourbaix
data were obtained using a powder diffractometer with Ga K diagram?’ the anodic peak, c, at 0.40 V can be ascribed to the
radiation between 20 and 60° at a scanning rate @ 2 oxidation of Te according to the inverse process of Reaction 1.

Results and Discussion

copper sheet (2& 40 mm) and a platinum sheet (50 50 mm)
were employed, respectively, for the working and counter elec-
trodes. The gold platinghicknessca. 2 um) was carried out using

a gold-plating aqueous solutidi&lectroplating Engineers of Japan,
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The large peak separation of waves a and ¢ due to Te/HTeO
redox shows that Reaction 1 is irreversible.

The addition of ZnS@in scan(ii) resulted in a sluggish increase
of the cathodic current wave, B, and a positive shift in the deposition
potential A. This indicates an important change in the reaction
mechanism. One possible explanation is that underpotential depos
tion (UPD) of Zn occurred on the adsorption sites with Te precursors
in the same manner as has been discussed for CdTe depdition.
According to Kr@er’s analysisS, ZnTe formation must be preceded
by the diffusion-controlled formation of Te on the substrate surface,
which then controls the rate of subsequent ZnTe formation. The
subsequent UPD of Zn is driven by the negative free energy of the
Te and Zn compound formation. Based on this interpretation, by
using a simple thermodynamic model of electrochemical reaction
and assuming a two-electron transfer reaction for Zn, the overall
reaction of ZnTe can be thought of as following two steps

Step 1: Deposition of Te according to Hd.].

Step 2: Formation of ZnTe by the following reaction

Zn(Cit)3™ + Teye + 4H™ + 26 = ZnTe + 2H,Cit™  [4]

whereAG = —141.6 kI mol*.® The negative free energyG of
the formation of ZnTe leads to a positive shift in the poteni&
for the deposition potential of Zn, as given by

AE = —AG/nF = 0.734 V

Therefore, the total cathodic current is comprised of the deposition
reaction of Te and that of Zn due to the formation of ZnTe.

The reduction peak, C, at1.1 V can be assigned to the reduc-
tion of elemental Zn, proceeding as

Zn(Cit)3~ + 4H" + 26" = Zn + 2H,Cit™ [5]

Several anodic peaks corresponding to the cathodic current are als
observed in the voltammogram fdii). The anodic peak, D, at
—0.92 V represents the oxidation of elemental Zn. The cathodic (C)
current increases neat0.60 V, crosses the forward scan curve, and
remains above it untit-0.30 V. This indicates electrocrystallization
on a foreign substraté.e., a decreased deposition overpotential on
an already covered surface. Two subsequent péakat —0.20 V)
and F(at +0.30 V), can be ascribed to the oxidative decomposition
of ZnTe to Zn(Citﬁ’ ions, expressed as

ZnTe+ 2H,Cit™ = Zn(Cit); + Te+ 4H' + 2= [6]

followed by the oxidation of resulting bulk Te, just referring to
inverse reaction, Reaction 1.

The former peak, E, appears only when(lDnions were present
in the solution and its peak potential is higher than the redox poten-
tial of bulk Zn deposition.

On the basis of these CV studies illustrated in Fig. 1, we con-
cluded that ZnTe can be deposited above the reduction potential o.

52"&'3'} el'E% \é(;ir\]/d below the potential where Te reduction begins Figure 2. SEM photographs of deposits on polished Au-plated Cu substrate
e ' obtained at various potentials from a citric acid batfiCifl;w
Effect of cathode potential-ZnTe films were electrodeposited = 0.5 mol dnT3,pH = 4.0) containing 0.16 mmol di? Te(lV) and 20
potentiostatically on Au-coated Cu substrates at different potentialsmmol dm 2 zn(ll) at 368 K:(a) —0.90, (b) —0.65, and(c) —0.55 V.
Following electrodeposition, the samples with the ZnTe films were
removed from the electrolytic bath and washed in boiling distilled
water to remove traces of the solvent. They were then dried in amore positive than-0.60 V, i.e., ranging from—0.60 to —0.50 V,
electric oven at 353 K. displayed a diffraction peak corresponding to #i®1) plane of
Figure 2a-c shows SEM photographs of representative depositglemental T& and no traceable peak corresponding to ZnTe com-
obtained at-0.90, —0.65, and—0.55 V, respectively, from a solu-  pound. The film electrodeposited &0.55 V (Fig. 2c) showed den-
tion containing 20 mmol di® ZnSQ,, 0.16 mmol dm?3 TeO,, dritic morphology without Zn content. In contrast, the deposits ob-
0.25 mol dm 3 H,Cit, and 0.25 mol dm® NaCit (solution 3, see  tained at potentials more negative tha0.60 V displayed only
Table I). XRD of the deposits formed at potentials more negativediffraction peaks due to ZnTe and the substrates, Au and Cu.
than —0.60 V,i.e., ranging from—1.0 to —0.60 V, provided a dif- These deposits appeared to be composed of a reddish-brown film
fraction peak corresponding to tli£11) plane of ZnTé® with pref- with a dense, granular morpholodfyig. 2b). Their composition was
erential orientation. However, XRD of deposits formed at potentialsclose to stoichiometry, for example, the deposit obtained@b5 V
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Figure 3. Change in current density during potentiostatic electrodeposition
at 368 K from solution 3 wherg Zn(Il)] = 20 mmol dm3, [Te(IV)]
= 0.16 mmol dm?, and[Cit],, = 0.5 mol dm 3.

had a slight Te-rich compositiong., 49.2 atom % Zn-50.8 atom %
Te. All the deposits obtained at potentials ranging frer.85 to
—0.60 V had a nearly stoichiometric Te-rich composition between

50.7 and 51.2 atom % Te. On the contrary, the deposits obtained a

potentials of—0.90 V or more negative had a nearly stoichiometric
Zn-rich compositionij.e., 52.5 atom % Zn-47.5 atom % Te-a0.90

V. These deposits appeared to be interference colored and containe

sparse spaces partliFig. 2a).
Figure 3 shows deposition currerd.time transients. The current
density during electrodeposition stabilized immediately after the

current density was determined by mass transfer limitation in the
stirred solution, the limiting deposition current density of Y& is
given as®

4F DTe“V)[HTeO;]
Ire = —— e

[7]

Similarly, the current density of ZnTe is given kgssuming that the
two-electron transfer reaction for Zn deposition is limited to the
covered Te atoms)

_ 6F D) [HTeO ]
ZnTe — f

(8]

where Dy, is the diffusion coefficient ofHTeG; ] ions (in cn?

s 1), F the Faraday constariin C mol™%), 3 the thickness of the
diffusion layer (in cm), and[HTeG; | the concentratior(in mol
cm3). Because the concentration [@fiTeO) ] ions in the solution

in domains |, Il, and Il was equal, the limiting current density is
proportional to the electrons per molecule redudesl, Jz,1e/J1e

6/4 = 1.5. The limiting current density observed-a0.55 V was
about 300pA cm™2 and that at-0.65 V was about 45Q.A cm™2.

The limiting current density proportion obtained from our experi-
mental valuesij.e., Jz,1e/J1e, IS about 1.5. This indicates that the
deposition of Zn proceeded only on Te atoms. In other words, the
large negative free energy of the ZnTe formation acted to drive the
qeposition of Zn, leading to the formation of ZnTe compound.

This behavior can be explained on the basis of the ZnTe elec-
trodeposition mechanism, considering the competition between two
eclﬁementary electrochemical steps as suggested by CdTe
ectrodepositiori® that is

e

HTeO] + 3H' + 4e = Te + 2H,0 [9]

start of the plating and stayed approximately stationary. Figure 4yhich is the rate of Te depositian;, and
shows the relationship between the stationary current density, the

current efficiency, and the deposition potential. The stationary cur-

Zn(Cit)3 = + Tege + 4H' + 26 = ZnTe + 2H,Cit™ [10]

rent density and current efficiency are indicated in the figure by
circles and squares, respectively. The stationary current density cawhich is the rate of Zn deposition, .

be divided into three domains, which are assigned as I, I, and Ill. In
domains | and 11, the deposits formed only Te or ZnTe, respectively,
as revealed by our XRD pedkee Fig. 5)/and composition analysis
results. The difference in the constant value of the limiting current
density in the different domains may be explained as follows. As-
suming that at potentials betweer0.50 and—1.0 V the deposition

T T T T T = o 100
800 - ® o EE i
700 _ e
' i o 180 o
- o U I I 5
< 600 e
< [ ] - C ZnTe Te g:
= 0 i
Z 500k ZiTe+H ° -
g L 2 ® [ :j‘
8 400} 2
= | - 40 XS]
S 300} ® o
5 B
200 720
100 |-
1 L I Il n L N 1 0
-1.0 -0.9 -0.8 0.7 0.6 0.5

Potential E / V vs. Ag /AgCl

Figure 4. The influence of cathodic potential on stationary current density
and current efficiency from solution 3 whef&n(ll)] = 20 mmol dm3,
[Te(1V)] = 0.16 mmol dm?3, and[Cit];yu = 0.5 mol dm3: (@) constant
current densities an@) current efficiencies.

A single phase of ZnTe forms if the second stepjs faster than
the first,u,. However, excess Te is left in the deposib if is some-
what slower than ;. In the latter case, two situations can be imag-
ined: one in which diffusion control prevails.e., the diffusion is
affected by the stirring spegdr another in which the overpotential
is too small for the formation of ZnTéReaction 4). This second
situation occurred when potentials more positive theh60 V pro-
vided only Te deposits. In these cases, the tgtevas faster than
v,. On the contrary, potentials ranging from0.60 to —0.80 V
provided deposits of ZnTe. Thus, in this potential range, theugte
was faster thaw, and ZnTe could be fabricated under our experi-
mental conditions. As for domain lll, if only ZnTe is electrodepos-
ited, the limiting current density would bea. 450 pA cm™2. How-
ever, the limiting current density we obtained experimentally in
domain 111 (700-800pA cm™2) was higher than the expected value
(i.e., 450-500uA cm™?) and the current efficiency was also lower. It
can be thought that this was due to competition from a simultaneous
parallel reaction involving HER.

Figure 5 depicts XRD patterns for the deposits obtained at dif-
ferent potentialsfa) —0.90,(b) —0.75,(c) —0.65, andd) —0.55 V.
Peaks due to Au and Cu substrates are indicated in the figure by
circles. The films deposited in domains Il and Il in Fig. 4 are well
crystallized with a cubic preferential orientation along ttid1)
plane, which is characteristic of the spontaneous texture axis of
electrodeposited ZnTe. The film deposited in domain Il usually ap-
peared reddish-brown, while the film deposited in domain Il was
interference colored. The interference colors exhibited by the Zn-
rich ZnTe were due to the lower thickness of the film, as indicated
by its weak XRD intensity. The narrow peak width of the film de-
posited in domain ll(i.e., at the potential range from0.80 to
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Figure 5. XRD patterns of deposits obtained at various potentials from citric 26 (degrees)
acid Iedlegt3roTI)ét((la\% [(Cit(}toé% = O.5Ingjo[grg3iﬁ)H :t §6%) ch()n)tain(i)né:]0 ?b%G
mmo? dm an mmol dm™ Zn{il) & -ta) —0.90, Figure 6. XRD patterns of deposits obtained at 368 K an@.65 V from
~0.75,(c) —0.65, and(d) —0.55 V. Film thicknesses 0.4-0,#m. citric acidic electrolytes[(Cit];oy = 0.5 mol dnv3,pH = 4.0) under various
Zn(ll) concentrations as summarized in Table(#) 50, (b) 30, (c) 10, (d) 5,
and(e) 1 mmol dn 3,
—0.60 V)indicates high crystallization with large grain size. In con-
trast, the film deposited in domain | yielded a diffraction corre-
sponding to th€101) plane of crystalline elemental Te. color, and the composition of the films deposited-&.65 V. All the
Thus, nearly stoichiometric ZnTe films with high crystallization films obtained for samples 2-8 had a thickness of aboutriand
were obtained at low overpotential, namelyp.65 V. Subsequent consequently showed the color representing the feature as bulk. The
experiments were therefore carried out-#2.65 V. films obtained from samples 7 and 8 appeared to be blackish-gray
. . with a dull gloss, indicating a metallic color. According to EDAX
Effect of the Zn(ll) and Te(lV) concentration ratieThe — jnavsis they had a Te-rich compositioe,, 39.9 atom % Zn-60.1
[Zn(ll)]/[Te(IV_)_] conce_ntratlon ratlc_) IS an |mp_ortant factor for the atom % Te for sample 7 and 4.6 atom % Zn-95.4 atom % Te for
electrodeposition of highly crystallized ZnTe film and for the elec- o556 8. The film obtained from sample 1 was interference colored
trochemical behavior of th_e dep_osned Zn'_I'e. The |_nfluence of theand the intensity of its XRD peak corresponding to (h&l) plane
[Zn(IN]/[Te(IV)] concentration ratio on the films obtained was stud- of ZnTe was broad and wedkee Fig. 6a). The sample 1 film was

led using solutions with varioudZn(IJ[Te(IV)] ratios, i.e.,  ihinner than those of samples 2-6, indicating that its current effi-
samples 1-gsee Table I), while maintaining the cathode potential at jency was relatively low87%); the current efficiencies of samples
—0.65 V for all runs. 2-6 were above 98%. The sample 1 film had a Zn-rich composition,

Table Il summarizes thZn(Il) /[ Te(IV)] concentration ratio, the o '51 atom % zn-49 atom % Te. In contrast, the films obtained
from samples 2-6 had near stoichiometric composition and charac-
teristic bulk color(reddish-brown). Figure 6 displays representative

Table 1I. Characterization of films electrodeposited from citric XRD patterns for films deposited at differefn(Il)J/[Te(IV)] con-
acid ZnTe electroplating baths? centration ratios. The films deposited from samples 2, 4, 5, and 6
(Fig. 6b-e, respective)yexhibit diffraction corresponding to the
Composition(atom %) (111 plane of high-crystalline ZnTe, although the film obtained
[Zn(I) [ Te(IV)] N . [T
; ) from sample 1(Fig. 6a) has broader peak width, indicating low
Sample Zn Te concentration ratio Color S .
crystallization. It was reported that there was an optimal Zn concen-
1 51.0 49.0 3125 Interference  tration window for the electrodeposition of the stoichiometric ZnTe
2 49.7 50.3 187.5 Reddish-brown  film from a weak acidic solutio”® An optimal Zn concentration
3 48.9 511 125 Reddish-brown  window we used was much the same as the report byigétein
4 49.1 50.9 62.5 Reddish-brown ¢t 5| for obtaining the stoichiometric ZnTe film. As tH&n()])/
5 49.6 50.4 s Reddish-brown  |r¢(1\/)] concentration ratio in the bath reduced, preferential orien-
6 50.1 49.9 6.25 Reddish-brown - .
7 39.9 601 4 Blackish-gray tation along the cubi¢111) gradually decreased. _
8 4.6 95.4 3.125 Blackish-gray Figure 7 shows the variation of the constant current density
Zn(ll) and Te(IV)concentration. Note that the deposition current is
aCathode potential was-0.65 V vs.Ag/AgCI. proportional not to the Zl) concentration but to the T&/) con-
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Figure 8. XRD patterns of deposits obtained from citric acidic electrolytes
Zn(IT) concentration ( mmol dm™) containing 0.16 mmol di? Te(IV) and 20 mmol dm? Zn(ll). The total
quantity of electricity was 1.0 C cnf and the thickness of films was. 0.6
Figure 7. Dependence of the Stationary current dens|ty_9t65 V on the pme (a) with 0.5 M citrate on Au/Cu substrate a(ﬂ) without citrate on Cu
concentrations of®) TeO, and (M) ZnSQ,: (a) the current density at dif-  Substrate at 368 K ane0.80 V.
ferent Te concentrations, with 20 mmol dfZnSQ, and 0.5 M citrate, and

(b) the current density at different Zn concentrations, with 0.16 mmoltim ) ) )
TeQ, and 0.5 M citrate. deposit gradually increased, while the Te content gradually de-

creased. This indicates that citrate forms a certain complex with
Te(lV) species and favors the formation of Te-citrate complex rather
. 5 than that of Zn-citrate complex. In addition, although ZnTe deposi-
centration. It tended to be constdoa. 420 pA cm ) for the depo- jon has frequently been carried out at potentials more negative than
sition of a nearly stoichiometric ZnTe with high crystallization, even _g gg V, our bath containing citrate allowed the formation of ZnTe
when the Zn(I)concentration in the bath increased. This indicates 4t higher potentials,e., at a lower overpotential. From these results
that the plating rate of ZnTe was insensitive to thélirconcentra- \ye concluded that including citrate in the bath depresses the depo-

tion. This result is in agreement with that reported bynigstein sition of Te and promotes high ZnTe crystallinit
and Neumann-Spallaft. This behavior indicates that the growth, P g y y

i.e., ZnTe formation, depends greatly on diffusion control due to Te Conclusions

deposition. As mentioned previously, when the rajes faster than In this work, the cathodic electrodeposition of ZnTe in a citric
v1, UPD of Zn onto Te atoms is possible due to the strong interac-acid bath was carried out at higher potentiaks,, lower overpoten-
tion between Zn and Te. Kinetic effects may also be involved i) than the reduction of Z€it)~ to Zn. Films deposited at po-
through th_e variation of cathode potential andlD_nconc_entratlon. tentials ranging from—0.60 to —0.80 V were composed of ZnTe
Thus, a wide range diZn(ID}/[Te(IV)] concentration ratios, where  omnound with quite stoichiometric composition and high crystalli-
[Zn(ID]/[Te(IV) ] > 6, allows the formation of ZnTe, and the Zn zation. Their surface morphology was dense and granular. Deposits
content in the deposit is almost constant even when the Zn concersptained at potentials more positive thai©.60 V resulted in the
tration in the bath is increasddee Table Il). formation of blackish-gray colored, crystalline Te. The plating rate
When the[Zn(I) J[Te(IV)] concentration ratio is greater than 6, of znTe was insensitive to the Z) concentration and was con-

the ratev, of the Zn deposition is faster than the ratgof the Te  trolled by the diffusion of Te species. The formation of ZnTe was
deposition, leading to the formation of ZnTe. accounted for by its electrodeposition mechanism. The deposition of
Zn proceeded only on Te-covered substrate and the large negative
free energy of the compound formation led to the formation of
ZnTe. Including citrate in the bath depressed the deposition of Te
and provided high ZnTe crystallinity. When electrolyzed-41.65 V
pand 368 K, solutions where[Zn(ll)] = 1-50 mmoldm?,

[Te(IV)] = 0.16 mmoldm?3, [Cit],m = 0.5 moldm3, and pH

4.0 were found to be suitable for the electrodeposition of reddish-

brown colored, crystalline ZnTe.

Effect of citrate.—In order to examine the effect of citrate on the
properties of the ZnTe deposit, including its composition and crys-
tallinity, solutions containing different citrate concentrations were
employed for ZnTe electrodeposition.

Figure 8 depicts two XRD patterns from solutions containing 2
mmol dm 3 ZnSQ, and 0.16 mmol dm® TeO, at pH 4. The solu-
tion for (a) in Fig. 8 contained 0.5 mol dn? citrate and deposition
was onto Au/Cu substrat&eeping[ H;Cit]/[ NasCit] = 1). The so-
lution for (b) did not include citrate and deposition was onto Au/Cu
substrate. The deposit from a solution containing citrate had diffrac-
tions corresponding to thel1l) plane of ZnTe and to the substrate Table Ill. The effect of citrate on the composition of films elec-
used,i.e., Au and Cu, while the deposit from a solution without  trodeposited from a citric acid ZnTe electroplating bath*
citrate had a rather broad diffraction instead of the ZaT# peak,
indicating that the film was amorphous. When the citrate was Citrate concentration
present in the bath, there were two conspicuous differences in the (M = mol dm ) Zn Te
XRD patterns:(i) the crystallinity of the ZnTe deposit was higher

Composition(atom %)

and (i) the ZnTe peak was narrower. This indicates that citrate OM 584 416
greatly promoted the crystallization of ZnTe and increased crystal- g'(l)g m ig'g gi'g
lite size. Table Il shows the composition of Zn and Te in deposits  5'=5 47.8 520
obtained at different citrate concentrations. According to the com- {5y 522 478

parison of the composition of the deposits from a solution with and
without citrate, it is clear that the deposition of Zn is depressed. As 2Bath conditions: 20 mM zZnSQ 0.16 mM TeQ, 368 K. Cathode
the citrate concentration in the bath increased, the Zn content in the potential was—0.65 V vs.Ag/AgCI.
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