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are optically positive with similar birefringence, 
and both display twinning that causes the crystals 
to mimic hexagonal symmetry. The powder 
patterns for the two salts are dissimilar, but they 
both contain a prominent set of lines, which in 
CaK3H(P0& correspond to the first four orders 
of the 001 reflections. In the tracing for one 
preparation of MgNalH(PO&, all four of these 
reflections appeared with greatly enhanced in- 
tensities because of an orientation or particle size 
effect, showing that they were orders of the same 
plane. These spacings are 7.7% smaller in Mg- 
NaaH(PO4)2 than in CaK3H(P04)2. A comparison 
of the densities of the two salts, along with the 
apparent decrease in the length of c, indicates that 
the a and b axes of MgNa3H(P04)2 are smaller by 
an average of 7%. When allowance is made for 
differences of this magnitude in the dimensions of 
the two cells, a similarity in groupings of lines in 
the two powder patterns is discernible. 
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This note describes a chemical method of mak- 
ing multicrystalline films of semiconductors such 
as InSb and GaAs which appears general for 111-V 
compounds and which may also be useful in a 
modified form for compounds such as PbSe, 
HgSe, and ZnsAsz. The basic approach is to form 
a film of a coordination compound containing ele- 
ments from the IIIA and Va columns of the peri- 
odic table and to decompose this thermally into a 
film of the corresponding 111-V semiconductor. 
The following equations for boron-antimony2 
and indium phosphide3 summarize the more 
closely related past work on reactions of this 
type 

100' 
Shz(CHs)c f B,Hs + 2(CHs)2SbBHz + HI (1) 
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2100 
(CHa)zSbBHr + 

SbB (black solid of this composition) 

In(CH& + PHI -+ In(CHdsPH8 

-80' 
In( CHa)rPH, __+ (InCH3PH)= 

( InCHsPH)s + I n P  
300 ' 

Experimental 

Because of the inflammability of the compounds used 
and their reactivity with stopcock grease, most of the 
compounds were prepared and manipulated in a standard 
vacuum line equipped with mercury float valves and con- 
sisting of three main sections: (1) a stotqge system, (2) a 
tensimeter and measurement section, and (3) a reaction 
system. 

Materials.Stibine was prepared by the reaction of 
concentrated hydrochloric acid on a magnesium-antimony 
alloy, MgaSh. The SbHs was purified by fractional dis- 
tillation and condensation. The material which distilled 
through a trap a t  -139' and condensed in a trap a t  - 159' was found to be tensimetrically homogeneous with a 
vapor pressure of 227 mm. at -45.2'. This is in agree- 
ment with the published value' of 224 mm. a t  the same 
temperature for SbHs. 

Trimethylindium was prepared by the reaction of di- 
methylmercury and indium metal in a sealed tube a t  100". 
The excess dimethylmercury was removed from the reac- 
tion product by fractional distillation. The trimethylin- 
dium condensed as large crystals, highly refractive to visi- 
ble light, with a melting point of 8 8 O ,  in good agreement 
with the published value* of 88.4'. 

Trimethylstibine was prepared by the reaction of excess 
trimethylaluminum with SbFa at room temperature. The 
purified product had a vapor pressure of 30 mm. a t  0'. 
which is in agreement with the literature value of 29.7 
mm.6 

Arsine was prepared in poor yield by the reaction of Li- 
BH, with AsCl3 in ether. Trimethylgallium was made by 
heating Hg( CH3)z with Ga metal in a sealed tube at 130' 
for 1 week. The measured vapor pressure of the trimethyl- 
gallium was 65.0 mm. (lit. values 64.5 mm.). 

The Reaction of Stibine with Trimethylindim.-Stibine 
and trimethylindium were condensed at liquid nitrogen 
temperature in separate bulbs on each side of a IT-tube 
connected to a mercury manometer. The SbHs bulb was 
brought to about -112' by means of a carbon disulfide 
slush bath, and the In(CHs)s bulb was brought to room 
temperature. Thus, the In( CH& sublimed through an 
atmosphere of about 2 mm. of SbHs a t  room temperature 
(26 to 28') to the bulb a t  -112'. After three such passes 
a visible orange film formed on the U-tube between the 
bulbs, and an increase in the total pressure of the system 
was observed. Twelve or more passes were made to obtain 
films for tests. The orange film did not change in ap- 
pearance when a boiling water bath was placed around 
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261, 114 (1943). 
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the U-tube, but when the evacuated and sealed U-tube 
was placed in an oven a t  150 to 160" the orange film 
darkened to a reflective gray film in about 0.5 hr. The 
pressure rise during the formation of the orange film was 
shown to be due to methane, The vapor pressure of the 
fractions non-condensable at -196' was found to be 10.5 
mm. at -196' (lit. value? is 10 mm. for methane). The 
gray film was shown to be crystalline InSb by X-ray dif- 
fraction analysis, and the elements were identified qualita- 
tively by spot tests. The gas evolved when the orange film 
was heated was shown to be mostly methane. Thicker 
orange films and InSb films were prepared by passing the 
IniCH.1)3 through SbHI vapor at 30 nnm. pressure. 

The Reaction of Triinethylstibine with Trimethylindim. 
-The coordination compound of Sb( CH3)3 and In( C H B ) ~  
was prepared by mixing the vapors of the two compounds. 
The coordination compound was a colorless solid at Oo, but 
a liquid a t  room temperature (26'). When the tube con- 
taining the coordination compound was heated a t  100' for 
100 hr., and then cooled back to room temperature, the 
pressure was found to have risen slightly, but  no ethane 
could be detected by tensimetric analysis. In  order to 
determine the degree of dissociation of the coordination 
compound into In( CH3)a + Sb( CH3)J a small sample was 
condensed in a tensimeter and pressure was recorded as a 
function of temperature. The compound was completely 
vaporized at 65". Between 60 and 100" the vapor behaved 
as if completely dissociated into an ideal gas mixture ( P / T  
= constant). This experiment alone does not prove the 
coordination compound to be dissociated in the vapox 
phase, but a t  least partial dissociation is to  be expected 
from the behavior of other compounds of this type. 

The Reaction of Arsine with Trimethylgal1ium.-Mix- 
tures of vapors of these two compounds in 1: 1 molecular 
proportions were allowed to react in Pyrex tubes a t  room 
temperature (25  to 28'). After the tube stood for 18 hr., a 
gray film was observed on the walls of the tube. When 
heated to 150 to 200" the film turned red, and methane 
was found to be the chief component in the gaseous reac- 
tion products. The red film was not changed by heating 
a t  150' for several hours under vacuum, and its resistance 
was too large to be measurable with t w o  probes and a 
vacuum-tube ohmmeter. The red color, high resistivity, 
and the method of preparation are all consistent with the 
film being stoichiometric GaAs. More work is planned on 
this. 

Electrical Measurements.-Some resistance m e a m  e- 
rnents were made on the InSb films in order to characterize 
them further. I n  Fig. 1 are plotted resistances V.Y. tem- 
perature for three of the films with two indium electrodes. 
Four-probe ineasureinents on one of the films gave the 
same resistance ratio for tn-o temperatures as the two 
probes. The films (on Pyrex substrates) were suspended 
in dry air inside a bulb which was immersed in a cryostat. 

The slopes uf the curves at the higher temperature 
correspond to a band gap of 0.23 e.v. (from u = uo exp 
(AE!ZkT)). r\lthougll this value is larger than the hand 
gap for pure, single-crystal InSb at 300°K. (0.17 e.v.1, the  
break in the curve due to impurity conduction occurs a t  
- 130" or h e r ,  indic:itiiig a highly stoichiometric material. 
Surface conduction, crystal bound:iry iniperfections, :t~id 

(7) F. D. Roiiini, et  at., Natl. Bur. Standards Circ. l t l l ,  U S. 
Government Printing Oflice. Washington, D. C , 15?7. 
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Fig. 1.-Resistances of InSb film os. temperature. 

possibly some unconverted coordination complex probably 
raise the apparent hand gap. The crystals were large 
enough t o  give an X-ray diffraction pattern, but  the films 
showed no crystalline surface structure when inspected 
under an optical microscope. 

In  one experiment the orange film obtained from In- 
:CK& + SbH3 was heated in oncuo a t  140 and 155" for 
periods of 1 to 22 hr. I t  140' the film resistance did not 
decrease detectably in 20 hr. from essentially infinity, but 
a t  155' square area resistances dropped to 5 megohms in 
one film in the same titne. In another film 22 hr. was 
required a t  155O to reduce the resistance to 15 megohms. 

Discussion 

The orange film obtained from In(CH& + 
SbH, appears to be (CH31nSbH),. This is 
indicated by its color, its lack of volatility, by the 
evolution of methane during its formation, by its 
high electrical resistivity, and by its dissociation 
into stoichiometric InSb. The gradual decrease 
in resistivity of the orange film with tirne when 
heated a t  135' is of interest because the material 
seems to be transforming from an organic to an 
inorganic semiconductor. 

The slopes of the resistance--temperature curves 
in the 200 to  300°K. region for the InSb films ap- 
pear to be determined partly by surface impurity 
states because further exposure to air reduced the 
slopes considerably. However, the low tempera- 
ture a t  which the curves break over to constant 
iriipiirity conduction is a good indication of the 
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stoichiometry of the films. The knee in the curve 
corresponds to a change from intrinsic conduc- 
tivity a t  the higher temperatures to impurity or 
extrinsic conductivity a t  the lower tempera- 
tures.* When too high a pressure of SbH, was 
used in preparing the films the resistances were al- 
most independent of temperature (up to 300°K., 
the highest temperature used), apparently be- 
cause excess antimony was produced. . A heated 
probe on the purer films gave a potential corre- 
sponding to a p-type semiconductor a t  room tem- 
perature, so that again we conclude that the high- 
temperature slopes in Fig. 1 are partly due to sur- 
face impurities (principally oxygen). The resist- 
ances were too high for conventional Hall effect 
measurements. 
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Complexes of ruthenium(II1) and (IV) have 
received considerable attention in the modern 
literature with regard to their solution chemistry 
and spectral  characteristic^.^-^ Relatively little 
is known about the behavior of ruthenium(I1) in 
solution, however. J@gensen6 has critically dis- 
cussed the spectra of ruthenium (11) halide com- 
plexes in terms of crystal field theory. 

Ruthenium(I1) is commonly prepared in acid 
solution by reduction of ruthenium(II1) or (IV) 

(1) R. E. Connick and D. A. Fine, J .  A m .  Chem. Soc., 83, 3414 
(1961). 
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(3) F. P. Gortsema and J. W. Cobble, J .  A m .  Chem. Soc., 88, 

(4) J. Vrestal, F. Kralik, and J. Soucek, Collectiooa Ceech. Chem 

(5) R. M. Wallace, J .  I?207R. Nucl. Chem., 20, 283 (1961). 
(6) C K .  Jdrgensen. Acta Chem. S c a d ,  10, 618 (1056). 
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Commun., 86, 2155 (1960). 

with zinc or cadmium amalgams, resulting in the 
inevitable introduction of foreign cations. While 
ruthenium(I1) has been produced polarographi- 
cally a t   microelectrode^,^ attempts to prepare this 
species in perchloric acid media by controlled 
potential reduction a t  macroelectrodes* have been 
unsuccessful . 

This author has found it possible to prepare 
stable solutions of ruthenium(I1) in acidic chloride 
media by controlled potential reduction of 
ruthenium(1V) a t  a mercury pool electrode by 
accurate control of several critical factors. Polaro- 
graphic work? has shown that ruthenium catalyzes 
the reduction of H f  a t  mercury electrodes a t  sur- 
prisingly positive potentials in perchloric acid 
media. Preliminary polarographic experiments in 
hydrochloric acid media have shown similar 
effects. As a result, accurate control of the 
cathode potential is required in order to avoid 
hydrogen evolution while operating a t  potentials 
corresponding to the diffusion plateau of the 
ruthenium wave. The pH of the medium must 
be kept below 2.5 to avoid hydrolysis of ruthenium 
species. 

The optimum conditions for the electrolytic 
production of ruthenium(I1) a t  an applied poten- 
tial of -0.470 f 0.001 volts us. s.c.e. were found 
in 4 M KCl solutions adjusted to pH 1.5 with 
HCI. Best results were obtained in solvent 
deaerated with N:! and pre-electrolyzed under ex- 
perimental conditions to remove reducible im- 
purities. Under these conditions, lavender-blue 
solutions of RuCI~-~,  having characteristic ab- 
sorption maxima a t  538 and 610 mp, were pro- 
duced. The spectra obtained are in good agree- 
ment with those of J@rgensenl6 who prepared 
ruthenium(I1) in 2 and 6 M HCI by redliction 
with zinc amalgam. No spectral evidence for the 
presence of ruthenium(II1) or (IV) was found after 
completion of electrolysis. 

Graphical integration of current-time curves 
for the reduction of KzRuCle by this method 
yielded values of 2.01 0.01 for n, the number of 
electrons involved in the electrode process. Plots 
of log current vs. time gave good straight lines 
as a further indication of lOOyo current efficiency. 
The coulometric data are summarized in Table I. 

Experimental 

KlRuCls (A.  D. MacKay, Inc., New York, N. Y.)was 
used as a source of ruthenium(1V). All other chemicals 

(7) L. W. Niedrach and A. D. Tevebaugh, J .  Am.  Chem. Soc , 75, 
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