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Efforts directed toward the electrochemical synthesis of the ternary chalcopyrite ZnSiPr are dis- 
cussed. In all cases reported here, the zinc source was a molten zinc cathode. Electrolysis current 
densities and temperatures are found to be important variables in determining whether the predomi- 
nant products are ternary or binary phosphides. The binary phosphides are formed at temperatures 
below the boiling point of the zinc cathode (906°C). Above lOOO”C, transport of zinc and silicon sources 
occurs readily. In the atmosphere of nearly pure elemental phosphorus maintained by the electrochem- 
ical reduction of the phosphorous source onto the cathode, the ternary phosphide is formed by the 
direct combination of the elements on the walls of the cell. The chemical nature of the silicon source is 
also found to be a critical factor influencing the formation, purity, and silicon content of the ternary 
phosphides. Silicon sources studied included: Mg&, Na2SiFB, and SQ. The characteristics of ZnSiPz 
samples prepared in this fashion using a variety of silicon sources are described. o 1987 AC~HCC press, 

Inc. 

Introduction 

This effort is directed toward exploring 
new routes to the synthesis of chalcopyrite 
structure ternary phosphides, ZnSiPz and 
ZnGeP2. The chalcopyrite structure (ABQ 
belongs to the tetrahedral El1 structure 
type, space group Z42d, with four formula 
units per cell (I). 

Previous syntheses of the ZnSiPz and 
ZnGePz ternary phosphides have involved 
reaction of the elements, typically using ei- 
ther a halide chemical vapor transport 
scheme or a tin flux (2, 3). In all previously 
reported syntheses, the ternary phosphides 
are reported to form only at temperatures 
above 1100°C. Synthesis from the elements 

* To whom correspondence should be addressed. 

in a tin flux requires several weeks to pro- 
duce a small sample with fair yields (3). Be- 
cause these synthetic techniques are un- 
likely to prove feasible for producing large 
quantities of window quality materials, 
other synthetic routes to the ternary phos- 
phides are clearly desirable. This paper will 
describe studies of possible electrochemical 
routes to ZnSiP*. 

Electrochemical methods of synthesis in 
molten metaphosphates are well known for 
the preparation of simple transition metal 
binary phosphides (d-10). In most in- 
stances, the product of the production of a 
metaphosphate melt and a transition metal 
oxide or halide at high current density and 
temperatures (between 600 and 800°C) is 
the binary phosphide. The stoichiometry of 
the binary phosphide produced and the pu- 

0022-4596/87 $3.00 
Copyright 6 1987 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

176 



rity of the phosphide phase have been 
found to depend not only on the melt stoi- 
chiometry but also on the conditions of the 
electrolysis. For example, the electrochem- 
ical preparation of iron phosphides is a case 
where the stoichiometry of the product 
phosphide can be varied simply by chang- 
ing the rate of electrolysis and temperature 
(7, 8). 

There have been few reported electro- 
chemical syntheses of nontransition metal 
phosphides to date. Elwell et al. (6) re- 
ported the electrochemical deposition of 
InP, Cuomo et al. (11) grew GaP electro- 
chemically and we have found no reports of 
the electrochemical synthesis of ternary (or 
higher) phosphides. The electrochemistry 
of the group IV components of the ternary 
compounds that we desire are difficult to 
control. Silicon and germanium are semi- 

FIG. 1. Electrochemical cell. (1) Furnace. (2) Thick 
wall quartz vessel, 0.75 in. (3) Anode carbon rod, 0.25 

conductors that undergo surface oxidation in. (4) Electrolyte, NaPOS, NaPOJKPO+ (5) Silicon 
readily in oxidizing media, particularly at source (Mg$i, Na$iF,, SiOz). (6) Cathode (molten 

elevated temperatures. In nonoxidizing me- zinc or molten zinc-tin alloy). 

dia (like molten chlorides or fluorides), no 
such passivation occurs and silicon deposi- tropic H20-P205 acid has a reported com- 
tion has been reported. Unfortunately, position of 0.69 H20/P205 ratio and a re- 
melts which show the desired electrochemi- ported boiling point of 864°C (12). KP03 
cal behavior of the M(W) species generally was formed by dehydrating KHlP04 at 500- 
have an unfavorable phosphorous chemis- 600°C. 
try. Conversely, melts which show favor- The electrochemical cell for the liquid 
able phosphorous chemistry are generally cathode studies consisted of a thick well 
oxide rich and tend to passivate metal sur- quartz vessel, 0.75in. internal diameter. As 
faces and precipitate the M(IV) species as a shown in Fig. 1, the cell cathode was a mol- 
nearly insoluble oxide. ten pool of zinc, a zinc-tin alloy, or pure 

tin, roughly 2.85 cm2 centered in the hot 

Experimental zone of a thermostated furnace. The silicon 
containing source (Mg$i, NaZSiFb, or SiOz) 

Electrolytic apparatus. All chemicals was mixed intimately with the elemental 
used in this study were reagent grade or zinc cathode. Cathode prefusion occurred 
higher purity. NaP03 was heated to 400- during the initial heating and was generally 
500°C in air before use to ensure that the complete before the melting point of either 
salts were as anhydrous as possible. De- the pure NaP03 electrolyte or an electro- 
spite this drying procedure, some “ul- lyte of equimolar NaP03-KP03. The anode 
traphosphoric acid” reflux was frequently was a carbon rod, 0.25-in. diameter, im- 
noted on the walls of the cell, particularly mersed l-2 in. into the melt. Cells were 
during the initial heating of experiments to normally loaded with electrolyte then 
temperatures over 900-1000°C. The azeo- purged with argon for 30 to 45 min. All ex- 
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periments reported here used a quartz cell 
that was placed in a preheated furnace. Re- 
action times range from 2 to 16 hr. When 
long reaction times were attempted, cells 
short-circuited and, therefore, reactions 
were self-terminating. Argon flow contin- 
ued throughout the experiment to prevent 
the buildup of significant quantities of oxy- 
gen formed by the anodic reaction. Because 
oxygen is formed at the anode through the 
oxidation of metaphosphate (13), more 
stringent precautions for the exclusion of 
oxygen from the cell were not considered 
necessary. 

One significant disadvantage to the use of 
a quartz electrochemical cell is that the 
quartz is chemically attacked, particularly 
at elevated temperatures. Therefore, all of 
our samples are silica and silicate contami- 
nated. However, the relatively simple elec- 
trical connections made possible by the 
electrically insulating nature of quartz at 
these temperatures outweighed the other 
experimental considerations. 

In the present synthetic studies, the cells 
were run at a constant 5-V potential. Geo- 
metric considerations prevented the use of 
a reference electrode in the molten zinc 
cathode studies. These experiments nor- 
mally ran at initial current densities over 2 
A crnm2 (cathode area). This high rate re- 
duction of the melt on the zinc cathode 
serves gradually to coat the cathode with 
binary phosphide. The current is observed 
to diminish as the overpotential for the melt 
reduction reaction increases because the 
electrode surface changes from liquid me- 
tallic zinc to solid semiconductive binary 
phosphide. At elevated temperatures (over 
lOOO”C), the binary phosphides chemically 
decompose and stable electrolysis current 
densities near 500 mA cmm2 are observed. 

At the conclusion of the synthesis, the 
cell was first disconnected from the elec- 
tronics and then air quenched to room tem- 
perature while maintaining the carbon elec- 
trode in the melt. The irregular single 

crystals of ternary phosphide were recov- 
ered by breaking the electrochemical cell. 
The crystals of ternary phosphide product 
were found as a deposit on the cell walls 
and on the carbon anode above the melt 
level. It should be noted that large quanti- 
ties of the white (pyrophoric) allotrope of 
phosphorus are formed and care is neces- 
sary when breaking the electrochemical 
cell. Further, the presence of trace amounts 
of the P205-H20 azeotrope, unstable bi- 
nary phosphides, and reactive finely di- 
vided white phosphorus leads to the pro- 
duction of insignificant quantities of the 
highly toxic gas phosphine (observed on 
GC-MS analysis of the argon flush gas and 
present in sufficient quantities to produce 
the characteristic unpleasant odor of that 
gas). 

X-ray analysis. The samples prepared by 
the above procedures have been analyzed 
by X-ray diffraction. Diffractometer scans 
of powders and Gandolfi data on single 
crystals were collected for a variety of sam- 
ples using nickel-filtered CuKa radiation. A 
Philips diffractometer with a theta-compen- 
sating slit, diffracted beam monochroma- 
tor, scintillator with pulse-height discrimi- 
nation and a copper source were used 0 0 
(CuKa = 1.5418 A, CuKa, = 1.5405 A, 
CuKa;! = 1.544 A,. 

Diffuse reflectance infrared spectra. A 
Nicolet model 7199 FTIR spectrometer was 
used to measure the diffuse reflectance 
spectra of bulk Z&P2 that was synthesized 
by using a tin flux route and a lo- to 20- 
mol% ZnSiP2 for KBr for the electrochemi- 
tally synthesized compounds. 

X-ray photoelectron spectroscopy (XPS). 
Particle size distribution was performed on 
an Amray 1400 with a 40 A lateral resolu- 
tion. Electron microprobe analyses were 
performed on a Tracer-northern TN 2000 
energy dispersive X-ray analyzer with an 
incident beam energy of 25-35 kV. 

Scanning auger microprobe spectros- 
copy (SAM). SAM spectroscopy was per- 
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formed on a PHI 600 scanning auger spec- 
trometer with beam currents from lo-15 
nA and incident beam currents of 3-10 kV. 

Results and Discussion 

The only phosphides previously synthe- 
sized electrochemically have been those 
materials with reduction potentials more 
positive than the -0.9 V (versus carbon) 
reduction potential of metaphosphate (1% 
15). The electrochemical characteristics of 
the reduction of metaphosphates have been 
well explored by earlier researchers (1% 
15). One can speculate on a mechanism in 
which the reduction of a solution of transi- 
tion metal ions in the metaphosphate melt 
has metal deposition as the first cathodic 
process with subsequent melt reduction 
and production of elemental phosphorus. 
A case where this mechanism for the for- 
mation of the phosphides is the reduction of 
W03 solutions in metaphosphates can pro- 
duce both elemental tungsten and the phos- 
phide (4). The second electrochemical pro- 
cess (melt reduction) is the chemical 
equivalent of adding pure white phosphorus 
to the newly deposited transition metal sur- 
face. Similar studies resulting in the deposi- 
tion of GaP and InP have been performed 
(11, 6). The production of binary phos- 
phides and elemental phosphorus predomi- 
nates the Faradaic processes. In all cases 
discussed here, the crystalline ternary 
phosphide products were formed as a result 
of chemical processes obscured by the effi- 
ciency of binary phosphide and elemental 
phosphorus reactions. We have discussed 
the electrochemical production of binary 
phosphides elsewhere (16). Furthermore, 
no elemental analysis was performed on 
any of these samples. 

The production of silicon containing 
crystalline ternary phosphides presents a 
particularly difficult challenge since the use 
of a pure silicon cathode is made impracti- 
cal because of its high electrochemical re- 

sistance. The choice of the silicon source 
for the synthesis of a ternary phosphide 
from molten metaphosphates is a critical 
factor in determining the products that are 
produced and the yield of those products. 
The high melting point of silicon and the 
fact that the silicon is nearly insoluble in 
molten tin or molten zinc makes the design 
of a practical silicon source for these reac- 
tions more difficult. No zinc silicides are 
known. All of the research reported here 
used the liquid zinc cathode as the zinc 
source while elemental silicon, silica, sili- 
tides, and hexafluorosilicates were tested 
as possible silicon sources. 

Elemental silicon segregates from the 
molten zinc cathode and no ternary phos- 
phide has been observed using elemental 
silicon as the silicon source. Amorphous 
Si02 is only sparingly soluble in molten 
metaphosphates. However, the formation 
of the ternary ZnSiPz has been observed 
from silica added as either quartz (from the 
cell walls), or quartz wool, but not as amor- 
phous silica, in molten metaphosphates. 
Unfortunately, the product is frequently 
not well formed crystal, and nonstoi- 
chiometric crystals produced are full of de- 
fects. Undoubtedly, one factor that influ- 
ences this is the fact that Si02 and 
polymeric silicon-oxygen anions (e.g., 
Si20$-> are virtually impossible to obtain in 
an anhydrous state. The precise role of ad- 
sorbed water on the chemical reactions at 
the silica surface is unknown. The produc- 
tion of the ternary phosphide was not ob- 
served at the cathode. Rather, binary phos- 
phide formation occurs at the cathode and 
ternary phosphide productions occurs by a 
chemical (not electrochemical) reaction in 
the body of the cell, presumably by the re- 
action of the elements. Further, high cur- 
rent densities are necessary to form the 
product, and after brief electrolysis (several 
hours), yields are uniformly small. These 
observations may be explained by the need 
to get adequate amounts of vapor-phase 
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zinc phosphorus, zinc, and silicon into the 
reaction zone in the body of the cell. 

It has been found that the fluorosilicates 
decompose in the molten metaphosphates 
but that decomposition is reasonably slow 
and some crystalline ternary products were 
noted. One interesting observation is that 
the fluorosilicates decompose in these 
melts with the evolution of SiF4, 

Na2SiF6 5 2NaF + SiF4 t (1) 

This decomposition is observed by a vigor- 
ous foaming of the melt as the electrolyte 
fuses. In general, the yield produced using 
NazSiF6 as the silicon source is poor and 
the majority of the silicon originally present 
as the fluorosilicate escapes from the cell. 

The use of Mg,Si as a silicon source has 
produced crystalline material of good 
chemical quality and near stoichiometry. 
Like the fluorosilicates, the Mg#i has a 
tendency to decompose in the metaphos- 
phate melt to form silane on reaction with 
the trace quantities of azeotropic “ul- 
traphosphoric acid” mentioned earlier. The 
silane then decomposes on the walls of the 
vessel by the reaction 

SiH4 5 Si + 2H2 t (2) 

As with the experiments using fluorosilicate 
silicon donors, the production of the ter- 
nary phosphide does not occur at the cath- 
ode. Again, ternary phosphide production 
occurs on the cell walls. Yields are uni- 
formly poor and high current densities are 
again necessary to maintain a phosphorus 
rich atmosphere above the melt. Inclusion 
of Mg in the ZnSiPz product was not a prob- 
lem when Mg,Si was used as the silicon 
source. Auger and SEM analysis of the Zn- 
Sip2 showed no sign of magnesium impuri- 
ties. 

X-ray diffraction analysis of the poly- 
crystalline ternary phosphide shows the 
presence of some Mg$i in the melt even 
after several hours at 1100°C. This suggests 

that the reaction of the melt with the silicide 
may be limited by the quantity of protons 
(as Hz0 contamination) present in the melt. 

Using either fluorosilicate or silicide as 
the silicon donors, the ternary phosphide 
may be deposited on the walls of the cell 
through the reaction of the reduced forms 
of the elemental constituents at 1100°C. Ta- 
ble I shows the observed X-ray diffraction 
lines for the ternary phosphide formed us- 
ing Na$iF, and Mg,Si as silicon sources 
compared to the calculated diffraction pat- 
tern using a tetragonal cell with a = 5.400 A 
and c = 10.440 8, ( space group 142d). In 
both cases, the other major impurity phases 
present were ZnPz and Zn3P4. This X-ray 
data should only be used as a fingerprinting 
tool, since no internal standard was used. 
Furthermore, relative intensities of diffrac- 

TABLE I 

GANDALFI CAMERA DATA FOR THE PRODUCTS 
FORMED BY THE ELECTROCHEMICALLY ASSISTED 

SYNTHESIS OF ZnSiPt USING NazSiF6 AND Mg,Si AS 
SILICON DONORS 

NazSiF6 Mg#i ZnSiPz 
source source 

d spacing d spacing hkl d spacing 

4.55 - 101 4.7% 
3.086 3.103 112 3.08 
2.977 3.001 103 2.925 
2.753 2.681 200 2.70 
2.514 2.500 004 2.61 
2.340 2.334 221 2.354 

- 2.314 1 0 0 of Mg,Si (2.25 talc) 
2.216 2.193 3 0 0 of SIP (2.2 talc) 
2.160 2.112 213 2.20 
2.082 2.024 220 1.909 
2.005 1.940 105 1.947 
1.909 1.790 204 1.877 
1.833 1.758 301 1.774 
- 1.706 3 1 I of SiPz (1.71 talc) 

1.660 1.666 2 2 2 of Sip, (1.64 talc) 
- 1.642 312 1.623 

1.586 1.599 116 1.583 
- 1.585 215 I .579 

1.548 1.541 224 1.5409 
1.506 1.477 321 I .4% 
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tion lines changed from one synthesis to the 
next suggesting that different syntheses 
created products with varying degree of 
crystallinity. 

A parallel between present results and 
those reported in the literature for synthe- 
ses of other ternary phosphides is quite evi- 
dent, particularly in the case of solution 
growth from a tin flux. With flux growth, 
the product is slow to form and always 
highly crystalline. Experiments performed 
here suggest that during flux growth the 
rate of crystal growth may be a function of 
the rate of silicon dissolution in the flux 
rather than the rate of reaction, nucleation, 
and crystallization. This conclusion is sup- 
ported by the observation that this electro- 
chemically assisted synthesis of the ternary 
zinc silicon phosphide has been demon- 
strated with the production of the crystal- 
line product after electrolysis times as short 
as several hours. Our samples are fre- 
quently quite small and silicon poor about 
the edges, suggesting crystal nucleation on 
silicon deposited by either the decomposi- 
tion of SiF4 or SiH4 on the cell walls, at 
1100”c. 

Supporting experiments using a twofold 
excess of silicon in a tin flux reaction of 

zinc, silicon, and phosphorus produce a 
small increase in yield than corresponding 
experiments using a stoichiometric amount 
of silicon. In all syntheses from the ele- 
ments in a sealed ampoule, significant 
quantities of undissolved silicon remain 
segregated from the melt. Similarly, the 
samples synthesized using the electrochem- 
ically assisted route form product on the 
wall of the electrochemical cell, probably at 
silicon sites. There are, no doubt, many 
more silicon sites present than ternary 
phosphide sites. These results strongly sug- 
gest that the rate determining step in the 
synthesis of the ternary phosphide using ei- 
ther route is the dissolution and migration 
of the silicon rather than a kinetic barrier to 
crystallization. 

Diffuse reflectance infrared spectra of 
ZnSiPz synthesized using traditional tin flux 
route and the electrochemically assisted 
route are shown in Figs. 2 and 3, respec- 
tively. The diffuse reflectance spectra of 
the sample synthesized using tin flux route 
had only minor impurity bands due to the 
presence of anionic impurities. The sample 
synthesized using the electrochemically as- 
sisted route has significantly higher concen- 
trations of anionic impurities bands in the 

6 - 

0 I 1 I I , I I 1 

4000 3800 3306 2600 2400 2wo 1Eoa lmll 800 4w 

WAVENUMBERS 

FIG. 2. Diffuse reflectance spectrum of ZnSiP2 crystals synthesized by tin flux procedure. 
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FIG. 3. Diffuse reflectance spectrum of ZnSiPz crystals synthesized by the electrochemically as- 
sisted route. 

region from 1200-400 cme2. These bands Figure 4 shows a secondary electron im- 
can be attributed to PO;‘, POT3, HZPO;*, age of the electrochemically assisted syn- 
HPO;*, and P20y4. These impurities have thesized ZnSiP2 (fluorosilicate silicon do- 
very strong, broad infrared allowed (v3) nor). The samples, although crystalline, are 
bands from 1000 to 200 cm-’ and moder- badly etched and have many defect sites. 
ately strong bands (v4) from 500 to 650 The surface composition of these crystals 
cm-r. showed a Zn/P ratio near l/2 with no sili- 

FIG. 4. Secondary electron image of the electrochemically assisted synthesized ZnSiP2 (Ruorosili- 
cate silicon donor). 3 kV, LOO pm. 
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con present. After argon ion sputtering of 
20 A in depth, noticeable quantities of sili- 
con were present, but the crystals remained 
silicon deficient. This seems to contradict 
the X-ray data that identifies the product as 
ZnSiPz and suggests the possibility of pref- 
erential sputtering (17). Auger data also 
shows that oxygen is present only on the 
surface of the sample shown in Fig. 3. Au- 
ger electron spectroscopy of the samples 
indicated a rough stoichiometry of Zno.,7 
Si1.07P2. The samples synthesized by the 
use of the silicide donor gave an approxi- 
mate stoichiometry of Zn1.22Si0.2-0.86P2. The 
silicon concentration varied drastically 
from 0.2 to 0.86 depending on what part of 
the sample analyzed. This range of stoi- 
chiometries for silicon was often noted 
even in microscopically similar crystals or 
in different locations on the same crystal, 
again suggesting that preferential sputtering 
and/or crystalline inhomogeneity were 
present. The “ZnSiPz” products formed by 
using either silicon source was a brilliant 
red color and was crystalline. In both 
cases, the amount of ternary product 
formed was quite small, even after over- 
night electrolysis. The crystalline ternary 
ZnSiPz formed in this fashion always forms 
above the electrolyte. The ternary phos- 
phide thus formed is frequently silicon poor 
around the edges of the samples but gener- 
ally becomes closer to being stoichiometric 
in the bulk of the crystal. 

Conclusions 

In the electrochemically assisted synthe- 
sis of ZnSiP*, the crystalline products 
formed are frequently small, silicon defi- 
cient at the edges and have significant con- 
tamination with phosphate oxyanions. The 
only significant electrochemical step ap- 
pears to be the reduction of the metaphos- 
phate to gas phase phosphorus which then 
condenses to the white allotrope of elemen- 

tal phosphorus. The chemical nature of the 
silicon donor is an important factor influ- 
encing the production of the ternary phos- 
phides. The best product yield was ob- 
tained with Mg,Si and hexafluorosilicate 
silicon sources. The only phosphorus 
source used in this study was the metaphos- 
phate. Electrolysis rate and temperature 
are found to be important variables in deter- 
mining whether the predominant products 
are ternary or binary phosphides. The bi- 
nary phosphides are formed at tempera- 
tures below the boiling point of the zinc 
cathode, 906°C. Above lOOO”C, transport of 
zinc and silicon sources occurs readily, and 
in the atmosphere of nearly pure elemental 
phosphorus maintained by the reduction of 
the phosphorus source onto the cathode, 
the polycrystalline ternary phosphide prod- 
uct is formed on the walls of the cell above 
the melt. 
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