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IR spectroscopic study of the interaction 
between trimethylgailium and arsine in the liquid phase 
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The formation of a donor-acceptor complex Me3Ga. AsH 3 in a solution in liquid 
krypton at 130 K and in a binary liquid solution of those substances at 263 K was established 
by IR spectroscopy. In the latter case, Me_aGa and AsH 3 react at an appreciable rate to form 
an amorphous product of composition Me3_xGaAsH3_ x. 
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Vapor-phase  chemical  precipi ta t ion is widely used to 
obtain semiconduc tor  epitaxial  structures, t Volatile or-  
ganometal l ic  compounds  (as a rule, of  elements o f  groups 
III ,  V, and VI) as well as volatile inorganic hydrides o f  
e lements  o f  groups IV--VI  are commonly  used as start-  
ing substances. Ga l l ium arsenide is one o f  the most 
impor tant  structures obta ined  by this method.  Its syn- 
thesis from tradi t ional ly  used t r imethylgal l ium ( T M G )  
and arsine can be described by the following scheme: 

Me3Ga(g ) + AsH3(g ) --~ GaAs(s) + 3 CH4(g). (1) 

The mechanism of  this react ion has been discussed 
for more than a decade (see, for instance, Ref. 2). The 
peculiari t ies  o f  the e lec t ron structure of  T M G  molecules 
(a strong acceptor  o f  electrons,  a Lewis acid) and arsine 
(a weak donor  o f  electrons,  a Lewis base) allow one to 
assume that reaction ( l )  proceeds via the formation o f  
an intermediate  dono r - accep to r  complex  with subse- 
quent  e l iminat ion  of  gaseous methane.  Similar  com-  
plexes o f  T M G  with strong Lewis bases ( N M e  3, PhCN,  
PMe3, OMe 2, etc.) are known; 3 however,  data  on isola- 
tion of  a free adduct  with arsine (which is a weaker base 
even than phosphine 4) are not available. At tempts  failed 
to detect  the formation o f  the Me3Ga"  AsH 3 complex in 
the gas phase at increased temperatures  (--400 K), i.e., 
under  condi t ions  close to the real condi t ions  of  reac- 
t ion (I).5,6 At the same t ime,  the results of  recent 
ab initio quan tum-chemica l  calculat ions 7 point  to satis- 
factory thermodynamic  stability of  this complex. It seems 
likely that the content  of  the complex  under  equilibrium 
condi t ions  in the gas phase is lower than the limiting 
concent ra t ion  that can be detected using spectroscopic 5 
and mass spectral s methods.  

Matrix IR spectroscopy is an informative technique 
for studying intermediates  of  chemical  reactions and 

weak molecular  complexes.  Therefore,  this me thod  was 
used for studying the interact ion between T M G  and 
AsH 3 molecules  when they coprec ip i ta ted  from a mix- 
ture with argon onto a support  cooled to 14 K. t° It is 
believed 1° that  the substantial (by 10--50 cm - t )  shift o f  
all the spectral  bands,  including both the h igh-f requency 
shift o f  the band of  AsH3 stretching vibrat ions and the 
low-frequency shift o f  the band o f  an t i symmetrc  s t retch-  
ing vibrat ions o f  the G a - - C  bond,  Vas(GaC3), in T M G ,  
is evidence for the formation of  the Me3Ga-  AsH 3 com-  
plex. In addi t ion,  a new band in the region 520 cm - t  
assigned to vs(GaC 3) vibrations, which are usually forbid- 
den by the select ion rules, appears  in the spec t rum of  a 
mixture o f  T M G  with AsH 3. At this t ime these data l° 
are likely the only direct  exper imental  evidence for the 
existence o f  the M e 3 G a - A s H  3 complex;  however,  they 
were obta ined under  specific non-equ i l ib r ium cond i -  
t ions of  the low-temperature  matrix. 

The aim of  the present work was to perform an IR 
specroscopic  study of  the interact ion between t r imethyl -  
gallium and arsine in the l iquid phase when they are 
directly mixed in a solution in liquid krypton at 130 K 
and in a binary solution at a tempera ture  close to room 
temperature .  

Experimental 

Specially developed cuvette-cryostats were used to obtain 
IR spectra of mixtures of TMG with arsine and of individual 
TMG in solution in liquid Kr and in the liquid state (analo- 
gous arsine spectra have been studied previouslylt,tz). 

The experimental installation for registration of the IR 
spectra of solutions of the substances under study in liquid 
krypton has been described previously, tt A cuvette with / = 
10 cm was used. The spectra in the region of 5000--400 cm -I 
with resolution of 2 cm -I were recorded on a Perkin-Elmer 325 
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Table I. Positions of the bands of the fimdamental vibrations (v/cm -I) in the IR spectra of pure TMG and AsH 3 and in the Me3Ga • AsH 3 
complex in the gas phase, in an Ar matrix at 12 K, in a solution in liquid krypton at 130 K, and in the liquid phase at 263 K 

Type of TMG AsH3 Complex Me3Ga.AsH 3 
vibration Gas la Ar- Solution Liquid Gas At- Solution Liquid Gas "t Ar- Solution Liquid 

matrix to in Kr phase matrix to in Kr it phase 12 matrix to in Kr phase 

vs(GaC3) 540 520 511 525 
Vas(GaC 3) 550 576 552 570 589 565 545 575 

537 532 
q(CH 3) 715 723 699 731 713 722 695 726 
r2(CH 3) 823 768 741 768 818 753 735 762 
vs(ASH ~ 2321 2140 2123 21 i6 2354 2175 2132 2142 
Vas(ASH 3) 2327 2150 2360 2191 
8s(AsH 3) 1020 912 900 905 1006 892 904 908 
8as(AsH 3) 1123 1003 994 980 I 116 989 989 980 

spectrometer. To obtain solutions of a mixture of TMG and 
arsine in liquid Kr, two procedures were used: (I) dissolution 
of the crystalline phase of a previously prepared gaseous 
mixture of the substances under study; (2) dissolution of the 
crystalline phase of gaseous TMG and AsH 3 successively 
frozen onto the inner walls of the euvette. 

The spectra of pure liquid TMG and its mixture, s with 
arsine in the liquid phase were studied by using a cuvette 
16 lain thick developed previously for recording spectra of 
liquid hydrides, t2 This presented some problems in loading 
liquid TMG because of the low pressure of its saturation vapor. 
Therefore, TMG was fed into a cuvette under the action of 
excess argon pressure (2 atm). An indentical inlet was used 
then to supply gaseous arsine. Zinc selenide windows were 
attached to the case of a stainless steel cuvette by means of 
flanges through an indium gasket. The thickness of the cuvette 
was determined by a silver gasket (aluminum gaskets react with 
TMG at an appreciable rate even at room temperature). The 
spectra in the region of 4000--500 cm -I with resolution of 
2 cm -I were recorded on a Specord MS0 spectrometer. 

TMG and AsH 3 were purified by distillation. 

Results and Discussion 

I R  spec t ra  of a solution of  a mixture of  T M G  and 
AsH 3 in liquid krypton.  Bands corresponding to the 
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Fig. I. IR spectrunl of a solution of a mixture of TMG with 
AsH 3 in liquid Kr (T = 130 K, / = 100 ram): /. Vas(CH3): 
2. vs(CH3); 3, 8as(CH3); 4, 6s(CH3); 5, 6, r(CH3); 7, Vas(GaC3): 
8, vs(AsH3), Vas(AsH3); 9, 8as(AsH3); IO, 8s(AsH3); 
II, vs(GaC3): 12, vs(CH4); 13, 8as(CH4); 14, 8(C=C). 

fundamental  vibrations of  the G a - - C  3 and C - - H  bonds 
of  the T M G  molecule  and of  the A s - - H  bond of  arsine 
(Table I) remain in the spectrum of  a solution conta in-  
ing Me3Ga and AsH 3 in a ! : 2 ratio at 130 K (Fig. l).  
However,  their  intensities are substantial ly lower than in 
the spectra of  the individual substances. Simultaneously,  
a considerable shift of  all the bands is observed (Table 2). 
The character  of  the shift of  the studied fundamental  
bands of  Me3Ga and AsH 3 in solution in liquid Kr is 
analogous to that  observed for the Ar-mat r ix  (experi-  
ment)  and for the gas phase (calculations).  The  charac-  
teristic low-frequency shiR of  the vas(GaC3) band points 
to weakening o f  the G a - - C  bond,  while the  h igh-f re-  
quency shift o f  the bands o f  the stretching vibration of  
the A s - - H  bond points to strengthening o f  this bond in 
the course o f  the interaction between T M G  and AsH 3 
(in solution as well as in the matrix and in the gas 
phase). The  posit ion of  the bands o f  arsine deformat ion 
vibrations in the  mixture in the  cryosolut ion differs 
slightly from that  observed in the spectrum of  the indi-  
vidual compound .  One of  the most impor tant  changes in 
the spectrum o f  T M G  after it is mixed with arsine in a 
solution in Kr is the appearance of  a new band at 
511 cm - t .  We have assigned this band to symmetr ic  
bond vibrations of  the G a C  3 fragment,  which are usually 
forbidden in IR spectrum. The appearance  of  this band 
along with the above-ment ioned small spectral shifts 
(which produced no radical change in the shape of  the 
fundamental  bands of  the individual components )  points 
to the formation of  the donor -accep to r  M e 3 G a ' A s H  3 
complex at 130 K in the cryosolution.  The  existence of  
a s imilar  complex  was predicted by calculat ions for the 
gas phase and observed exper imental ly  under  the non- 
equil ibrium condi t ions of  the low- tempera ture  matrix. 

The weak bands at 3016 and 1304 cm -I  (see Fig. I) 
are assigned to the stretching and deformat ion vibrations 
of  the methane  molecule formed in reaction ( I ) ,  respec- 
tively. The weaker band in the region of  940 cm -I can 
be assigned to the non-p lanar  deformat ion vibrations of  
the olefin fragment (for instance, in the ethylene mol-  
ecules); however, this assignment calls for further inves- 
tigation. It should be emphasized that the above-l is ted 
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Table 2. The shift of the bands of the fundamental vibrations 
(Av/cm -I) in the IR spectra of a mixture of TMG with AsH 3 
in different aggregate states relative to free molecules 

Type of Gas Ar- Solution Liquid 
vibra- (calcula- matrix l0 in Kr phase 
tion tions) 7 

%_riG aC 3 ) +10 +7 +7 - 5  
q(CH 3) +2 +1 +4 +5 
r2(CH 3) +5 +15 +6 +6 
vs(AsH 3) --  -38 - 9  -26  
Va.~(AsH 3) --  -46 
8s(AsH3) +14 +17 +4 - 3  
fias(AsH3) +7 +13 - 2  0 

Note. The plus sign means a low-frequency shift, the minus 
sign means a high-frequency shift. 

new bands are observed even when the cryosolut ion is 
prepared according to the second procedure (by dissolu- 
tion o f  the crystal l ine phase o f  g ~ e o u s  T M G  and AsH 3 
successively frozen onto  the inner walls of  the cuvette). 
This points  to partial chemical  interact ion between the 
componen t s  a l ready in the solid phase at low tempera-  
ture. A similar  phenomenon  was observed in the course 
o f  preparat ion of  the Ar matrix, l° The spectrum of  a 
mixture o f  T M G  with AsH3 in liquid Kr after 10 h 
showed no considerable  changes in the intensity of  the 
bands including the methane  bands. The  character  of  
the t ime dependence  o f  the spect rum of  the  mixture o f  
T M G  with AsH3 in the liquid phase at a temperature  
close to room tempera ture  was found to be more com-  
plicated.  

IR spectra of a mixture of liquid TMG and AsH 3. To 
study the IR spectra  of  a mixture of  liquid T M G  with 
ASH3, a cuvet te  exploi ted previously for recording spec-  
tra o f  pure T M G  and AsH 3 in the frequency region o f  
their  fundamenta l  vibrations was used. Under  a pressure 
of  15 atm, gaseous arsine was fed into a cuvette pre- 
filled with T M G  and cooled to - 2 0  °C. Then,  the 
tempera ture  was slowly increased to - 1 0  °C. Under  
these condi t ions ,  AsH 3 was a liquid and in excess rela- 
tive to T M G .  However,  because of  the small thickness 
o f  the cuvette and the limited mutual  solubili ty of  the 
substances,  arsine was fed into the cuvette gradually. 
That is why the spectrum of  the mixture recorded,  for 
instance, ~ 15 rain after from the beginning of  the intro- 
duct ion of  AsH> is nearly the same as the spectrum of  
the starting T M G .  The  spectrum obtained 40 min after 
the beginning of  the exper iment  at 260 K (Fig. 2, a) has 
much in c o m m o n  with the spectrum of  the solution of  
T M G  and AsH 3 in liquid Kr a t  130 K (see Fig. 1). 
Thus, a band o f  s t retching vibrations of  AsH 3 appears at 
2142 cm -I .  Its low-frequency shift far exceeds that for 
its solution in Kr, though it remains less than that in the 
matrix IR spect rum (see Table 2). The positions of  the 
bands o f  the deformat ion  vibrations of  AsH 3 molecules 
are not different from those in the spectrum of  indi- 
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Fig, 2. IR spectrum of a mixture of liquid TMG and AsH 3 
(T = 263 K, I = 16 p.m) 40 min (a) and 20 h (b) after the 
start of observation. For the notation of the bands, see Fig. 1. 

vidual arsine in the liquid phase, in contras t  to the 
spectra obtained in the krypton solut ion as well as in the 
Ar matrix and in the gas phase,  the Vas(GaC 3) band in 
the liquid phase for uncertain reasons is shifted to a 
high-frequency region. A redistr ibution o f  the intensities 
of  the components  in favor of  the low-frequency com-  
ponent  is observed for the complex  band o f  the rocking 
vibrations of  methyl groups along with the  general  shift 
of  the band to the long-wave region. A new band at 
525 cm - I  corresponding to symmet r i c  vibrat ions o f  
vs(GaC3) was observed in the spectrum of  the  liquid 
phase. The addi t ion of  arsine to the cuvette results in a 
substantial decrease in the intensity of  the T M G  bands 
as compared  to tile spectrum of  the pure substance. 
All o f  the spectral peculiarit ies indicated can be evi- 
dence for the formation of  the dono r - accep to r  complex 
M e 3 G a - A s H  3 ill the liquid phase. 

Bands in the region of  the s t retching and deforma-  
tion vibrations of the CH 4 molecule  as well as the band 
at 940 cm - t  (as in the spectrum of  the mixture of  
Me3Ga with AsH 3 in the krypton solution) are clearly 
seen in Fig. 2, a. However, in contrast  to the latter, the 
intensities of  those bands increase substant ial ly with 
time. Simultaneously,  ei ther  a shift or  a change in the 
contour  of  most of  the bands assigqed to T M G  and 
AsH 3 molecules are observed. The spect rum of  tile 
liquid mixture obtained 20 h after the beginning of  the 
experiment  is shown in Fig. 2, b. The relatively high 
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Fig. 3. Changes over time in the band frequencies in the IR 
spectra of a mixture of TMG with AsH 3 in the liquid 
phase: a, Vas(GaC 3) (1), Vas(GaC 3) after splitting (2), and 
vs(GaC3) (3); b, vs(AsH3), Vas(AsH3). 

intensity o f  the vs(ASH 3) band (cf. Fig. 2, a) is ex- 
plained by the constant supply of  excess arsine to the 
cuvette while its rate of  consumption in the course of  
the reaction is not high. The diagram in Fig. 3, a shows 
that the positions o f  the Vas(GaC 3) and vs(GaC3) bands 
remain nearly constant in the course of  observation. 
However, 2.5 h after the beginning of  the experiment 
the Vas band splits into two components ,  which points to 
an essential change in the symmetry of  the T MG mol- 
ecule. Presumably, the low-frequency maximum of  this 
band (in the region of  552 cm -I )  can be assigned to the 
products of  reaction (1) while the high-frequency maxi- 
mum (at 570 cm - t )  can be assigned to starting TMG 

molecules that are either free or in the AsH 3 complex. 
Substantial changes are observed for the band of  stretch- 
ing vibrations Vas(ASH3) , which was found to be shifted 
to the low-frequency region by more than 20 cm -I after 
20 h and to be simultaneously split into two compo-  
nents (see Fig. 3, b). The low-frequency shift of  the 
band points to a decrease in the energy of  the As--H 
bond, which eventually favors the formation of  meth- 
ane. By the end of  the observations, the Vs(AsH3) band 
is a superposition of  bands of  the stretching vibrations of  
the As--H bonds which might be present in both the 
product of  reaction (I)  and in arsine molecules. 

Thus, a relatively fast reaction (I)  with the formation 
of  an intermediate donor-acceptor  complex at its initial 
stage is observed when there is excess arsine in the liquid 
phase at 10 °C. After disassembling the cuvette, a yel- 
low-brown amorphous substance was found. According 
to IR spectroscopy and electron-sonde microanalysis 
data, this product is Me3_xGaAsH3_x, which is in agree- 
ment with the literature data. 13 
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