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Abstract 

Recent advances in the growth of 111-V and 11-VI semiconductor 
materials by MOVPE have been greatly facilitated by the development of 
new metalorganic precursors. The use of trimethylamine alane 
(A1H3(NMe3)) has allowed the growth of AlGaAs with greatly lowered 
carbon and oxygen levels, whilst adducts such as MeZZnNEt3 have 
served to eliminate a formerly severe prereaction during growth of ZnSe 
and ZnS. A number of these recent developments are critically reviewed 
and possible growth mechanisms are discussed. 

1. INTRODUCTION 

It is now over twenty years since Manasevit showed that 
metalorganic compounds could be used as volatile sources of the 
group I11 element for the growth of 111-V semiconductors by 
metalorganic vapour phase epitaxy (MOVPE) [I]. He then demonstrated 
the versatility of the technique by using MOVPE to grow a range of 
111-V, and 11-VI semiconductor materials [2]. 

A fundamental requirement of the metalorganic precursor used in 
MOVPE is one of high purity. It is well established that the 
electrical and optical properties of the semiconductor layers are 
critically dependent on trace impurities in the metalorganic compound 
[3] . In this respect, much progress has been made. 

The application of novel synthesis and purification techniques such 
as adduct purification [4 -61 ,  together with advances in analysis 133 
have allowed the preparation of metalorganic precursors with a total 
metal impurity content of <lpprn. This, in turn, has facilitated the 
routine growth of high purity 111-V and 11-VI semiconductors by MOVPE. 

The metalorganic precursors must also possess convenient physical 
properties (e.g. vapour pressure), together with suitable decomposition 
characteristics, which lead to a clean pyrolysis withminimal side 
reactions during epitaxial layer growth. 

Although many of the metalorganic precursors currently used are 
those proposed by Manasevit, in certain areas of 111-V and 11-VI MOVPE 
the use of conventional precursors is problematic. Therefore, 
alternatives are required. In this paper, the development of some of 
these new precursors is critically reviewed and possible growth 
mechanisms are discussed. 
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2. GROWTH OF AlGaAs USING ALTERNATIVE ALUMINIUM PRECURSORS 

The growth of AlGaAs by MOVPE has traditionally been carried out 
using trimethylaluminium (Me3A1) in combination with trimethylgallium 
(Me3Ga) and arsine (AsH3) [7]. However, the use of Me3A1 leads 
to AlGaAs layers which are significantly contaminated with carbon [8]. 
The low temperature photoluminescence (PL) spectrum of these layers, is 
shown in figure 1. 

,BE 1 

E l e c t r o n  V o l t s  
Figure 1. 10K PL spectrum for AlO, 23Ga0. 77A~ grown using Me3Al 
and Me3Ga 

The PL spectrum typically shows a band edge (BE) component 
associated with bound excitonic emission, together with a secondary 
peak at approximately 2OmeV lower energy. This can be assigned to a 
free to bound (F-B) transition associatedwith carbon contamination 
[ 8 ] :  The inclusion of carbon leads to AlGaAs layers which are 
typically p-type at x > 0.3. 

It has been proposed [8] that this contamination arises due to the 
incomplete elimination of methyl groups from Me3A1 during AlGaAs 
growth. This proposal is supported by work in our laboratory in which 
AlGaAs has been grown 
tert-Butyl-AlMe, 
None of these 
lowering carbon 
aforementioned precursors, a similar carbon bearing species (A1Me2 or 
AlMe) is present at or near the substrate during epitaxial layer 
growth. 

It is therefore necessary to investigate alternative aluminium 
precursors which do not contain the [Al-CH3] moiety. Although 
triethylaluminium (Et3A1) [12] and trimethylamine-diethylalane 
(Et A1H(NMe3)) [ll] have been the subject of preliminary studies, 
bot2 precursors have low vapour pressures of 0.04mm (27O~) and 0.4mm 
(20°c) respectively. This limits their wide application in MOVPE. 

However, trimethylamine alane (A1H3(NMe3)) has considerably 
more potential. This monomeric adduct precursor contains no direct 
aluminium-carbon bonds and has an adequate vapour pressure of 



1.8m @ 2 5 O ~  for MOVPE applications. Furthermore, A1H3 (NMe ) is 
not expected to form volatile oxides and has been shown to lower 20th 
carbon and oxygen contamination in AlGaAs grown by the vacuum epitaxy 
technique, MOMBE [13 ] . We have subsequently used AlH3 (NMe3) in 
combination with Me3Ga and arsine to grow high quality AlGaAs by 
MOVPE at atmospheric pressure [14] and reduced pressure [15]. However, 
despite the use of an aluminium hydride precursor, low temperature PL 
data showed that carbon was still a significant contaminant in the 
AlGaAs layers. 

Although the exact mechanism for carbon incorporation has not been 
established, these results indicate that the Me3Ga precursor is now 
acting as the source of carbon. Although GaAs may be grown with no2 
significant carbon contamination using MegGa and AsH3 [7], the 
presence of aluminium, both in the gas phase and at the substrate 
surface radically alters the growthmechanism. 

The pyrolysis of Me3Ga at or near the substrate surface will 
generate methyl radicals. The vast majority are removed ('gettered') 
by active hydrogen generated from the pyrolysis of AsH3 or 
AlH3 (NMe ) . However, a small proportion become strongly bound to a 
deposited aluminium atom, see figure 2, leading to subsequent carbon 
incorporation via sequential hydrogen abstraction. 

Figure 2. Proposed mechanism for carbon incorporation by adsorption of 
methyl radicals on an AlGaAs growth surface. 

Gas phase interactions between A1H3(NMe3) and Me3Ga are also 
likely to play a role in carbon incorporation in the grown layers. 
This is certainly the case for AlGaAs grown at atmospheric pressure in 
which considerable darkening of the reactor was observed, and the 
layers were found to be non-uniform showing a marked increase in 
aluminium content in the downstream direction [14]. Recent infrared 
studies [I63 have rationalized this effect as due to a gas phase 
reaction between AlH ( m e  ) and Me Ga which produces unstable 
species such as ~ e ~ ~ a d  and MeGaH,. %his leads to the premature 
deposition of GaAs upstream and at the reactor inlet. Furthermore, the 
infrared data indicate that A1-CH3 species, precursors to carbon 
incorporation, are formed via a gas phasetransalkylation. 

In the case of low pressure growth [15], there was little evidence 
of pre-reaction between A1H3(NMe3) and Me3Ga, due to thegreatly 
reduced mixing or residence time of the reagents in the reactor cell. 
The continued presence of carbon in the AlGaAs layers strongly suggests 
that, for low pressure MOVPE, a surface mechanism of the type shown in 
figure 2 is dominant. 
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In order to exclude carbon from MOVPE - grown AlGaAs it is 
therefore necessary to investigate precusor combinations in which the 
methyl radical is not available for parti'cipation in the growth 
process. 

Thus, we have recently demonstratedthe successful growth of AlGaAs 
by low pressure MOVPE using A1H3(NMe3) in combination with 
triethylgallium (Et3Ga) and AsH3 [17]. The low temperature PL 
spectrum of an AlO. Gag 36A~ layer, shown in figure 3, exhibits 
only a single peak ~ F W &  4 meV) attributable to bound excitonic 
emission. The F-B emission peak is virtually absent, indicatingthat 
carbon is no longer a significant contaminant in the AlGaAs layers. 
This is also reflected in the electrical properties of these layers, 
wh&h yere n-type with a residual carrier concentration (n) = 5 x 
10 cm- 1171. , . I 

1i:lectron V o l t s  
Figure 3. 10K PL spectrum A10,14Ga0,86A~ grown using 
AlH3 (NMe3) and Et3Ga 

These results are entirely consistent with our contention that the 
trialkylgallium molecule acts as a source of alkyl radicals, which are 
supplied to the substrate during AlGaAs growth. 

During growth using Et Ga, ethyl radicals arrive at the growth 
surface, see figure 4. ~jthou~h the possibility still exists for 
adsorption to a surface aluminium atom, the ethyl radical is able to 
undergo R-hydride elimination. This allows the facile removal of 
stable carbon-containing fragments (i.e. ethylene) from the growth 
surface, consequently carbon incorporation is greatly lowered. 

SUBSTRATE 

Figure 4. Proposed mechanism for removal of ethyl radicals from an 
AlGaAs growth surface. 



The new aluminium precursor, AlH3(NMe3) therefore represents a 
marked improvement over the conventional Me3A1 precursor in greatly 
lowering carbon contamination in AlGaAs. Furthermore, preliminary 
results 1181 indicate that oxygen contamination is also significantly 
reduced. These advantages, together with its acceptable physical 
properites (adequate vapour pressure) strongly suggest that 
A1H (me3) will have widespread application in the MOVPE growth of 
higg purity AlGaAs . 
3. PRECURSORS FOR WIDE-GAP 11-VI SEMICONDUCTORS 

3.1 Precursors for zinc-based chalcoaenides 
The growth of zinc selenide (ZnSe) and zinc sulphide (ZnS) by MOVPE 

was developed initially using diethylzinc (Et2Zn) [19] or 
dimethylzinc (Me2Zn) [20] in combination with either hydrogen 
selenide (H2e) or hydrogen sulphide (H S). However these precursor 
combinations lead to a serious problem o# unwanted premature reaction 
which seriously limits the compositional uniformity of the 11-VI 
epitaxial layers. It is therefore necessary to investigate alternative 
reactant species. 

The aforementioned premature reaction may be attributedtothe 
facile elimination of alkyl groups fromthe dialkylzinc precursor in 
the presence of acidic hydrogen from H2Se or H2S. Therefore, a 
number of workers have investigated alternative group VI sources which 
do not contain acidic hydrogen. These include dialkyl selenides [21], 
dialkyl sulphides [223 and sulphur and selenium heterocycles [23]. 

Unfortunately, although the premature reaction is eliminated, this 
approach invokes the penalty of higher than desirable deposition 
temperatures (>400°c). This can lead to an increased concentration 
of impurities together with an increased occurence of native 
defect-impuritiy complexes [24]. 

In our laboratory we have adopted a different approach, in which 
the group I1 precursor is modified to reduce its susceptibility to 
premature reaction [25]. We have investigated a range of adducts 
between Me2Zn and a variety of oxygen and nitrogen donor ligands such 
as 1,4-dioxan [26], 1,4 thioxan [26], triethylamine [27,28] and 
triazine [28]. 

The most effective adduct is dimethylzinc-triethylamine, 
Me2ZnNEt , which has been shown to eliminate the prereaction with 
H2Se and H2s, whilst still retaining the advantage of ZnSxSel-x 
growth at lower temperature (250-350~~) [27]. 

Me2ZnNEt possesses further advantages over Me2Zn in that it 
is more readi31y purified and is more convenient in use. 

For instance, MeZZn is invariably contaminated with traces of 
alkyl halide (RX) used in its synthesis. In subsequent 11-VI layer 
growth, incorporation of halide leads to low quality ZnSe with high 
residual n-type backgrounds. In the Me2ZnNEt3 adduct however, the 
presence of NEt3 effects the precipitation of any trace RX in the 
form of an involatile tetralkylammonium halide complex [R~N'x-1. 
Redistillation of Me2ZnNEt3 then yields a halide-free precursor 
[281. 

In addition, the Me2ZnNEt3 adduct has a covenient vapour 
pressure of 17mm @ 21°c for MOVPE applications. This permits the use 
of more convenient source temperatures and carrier gas flow rates than 
is the case for the more volatile Me2Zn (vap. P = 300mm @ 20°c) . 
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Me2ZnNEt3 therefore fulfills many of the criteria for an ideal 
MOVPE precursor and has allowed the reproducible growth of h i p  qyality 
ZnSe with low residual carrier conc nt at'ons (n < 10 cm- ) and 
high electron mobilities ( u ~ ~ ~  - 8 ,  000cm%-L-i) [ 2 8 ]  . 
3.2 Precursors for cadmium-based chalcosenides 

The problem of premature reaction is also severe in the growth of 
cadmium selendide (CdSe) and cadmium sulphide (CdS) using 
dimethylcadmium (Me2Cd) and H2Se or H S. We have thus attempted 
to extend the use of group I1 alkyl aiducts to the growth of these 
alloys. 

However, although CdS and CdSe layers have been grown using 
MeZCd-(l,4-dioxan) [29] and MeZCd (tetrahydr~thiophene)~ [30], 
neither of these precursors eliminated prereaction with the group VI 
hydride. Therefore in an effort to rationalize this observed 
difference between alkylzinc - and alkyl cadmium - adducts, and to 
perhaps find a more general method for the control of prereaction, new 
precursor combinations have been investigated as described below. 

4. IN-SITU CONTROL OF PREREACTION DURING II-VI ALLOY GROWTH 

In the prevention of prereaction during the growth of ZnSe, the 
presence of nitrogen donor ligands is an important parameter. This is 
further emphasised by our recent studies [31] which have shown that the 
use of pyridine (C5H5N), when introduced as an additive in the gas 
phase, eliminates the prereaction between Me2Zn and H2Se. 

Concommitant with the elimination of prereaction, the addition of 
C H5N, even at very low concentrations, led to a marked increase in 
tze growth rate of Znse, figure 5. 

The ZnSe layers grown in the presence of C5H5N showed improved 
structural quality and had excellent electrical and optical properties 
[311 

In contrast, the addition of C5H N vapour had no effect on the 
growth rate of CdSe using Me2Cd and s2Se [31]. However, the 
presence of C5H5N did lead to a change in the nature of the cell 
wall deposit, from a loosely consolidated black deposit to a red 
deposit with higher mechanical stability. This resulted in a 
considerable reduction in debris on the substrate surface leading to 
improved layer uniformity [31]. 

The precise mechanism by which nitrogen donors prevent prereaction 
during the growth of ZnSe remains non-proven. Previously it had been 
assumed 1271 that the inhibition of prereaction was due to the 
existence of relatively strong adducts, such as Me2ZnNEt3, in the 
gas phase which prevented premature interaction between MeZZn and 
H2Se. However, this adduct blocking mechanism is apparently 
precluded by recent infrared studies on such adducts which indicate 
that they are essentially dissociated in the gas phase, even at room 
temperature [32]. Further evidence against simple adduct blocking is 
provided by the growth rate data, figure 5, which shows that the 
prereaction is significantly inhibited at C5H N:Me Zn ratios as 
low as 0.05 : 1. This is much lower than the 1: 1 ra%io wgich might be 
predicted for effective adduct blocking. 



moi. Pyridine 
loglo m o i . ~ e , ~ ,  

Figure 5. Effect of pyridine on growth rate of ZnSe. 

Therefore, we have proposed an alternative mechanism, [31] which 
involves the stabilization, by nitrogen donor molecules such as NEt3 
and C5H5N, of highly reactive radical intermediates which may 
induce a chain reaction. These reactive radicals may be generated in 
the cold zone of the reactor as follows:- 

MezZn + H2Se , (MeZn) ' + (HSe) ' + CH4 

A chain reaction then ensues which terminates thus: 

(MeZn) ' + (HSe) ' , ZnSe + CH4 

In the absence of a stronger electron donor, the electrophilic 
radical (MeZn)' is likely to instantly react with the chalcogen 
containing species H Se or (HSe) ' leading to premature deposition 
of ZnSe. However, 2in the case of growth with adducts, or when 
C5H5N is present, the vapour contains a competing Lewis base which 
is a stronger donor toward (MeZn)' than the chalcogen species. The 
nitrogen donor ligand is thus likely to complex with the 
metal-containing radicals and thus allow their transport to the 
substrate without further reaction. 

The failure of C5H5N to eliminate prereaction during the growth 
of CdSe may now be rationalized in terms of the Isoft1 class B acceptor 
character of cadmium, which forms complexes more readily with selenium 
donors than with nitrogen donors. In this case, H Se or (HSe)' 
will be the strongest donors in the vapour phase and prema&re reaction 
with MeZCd or (MeCd) ' will still occur. One possible solution is 
to add strong competing sulphur or selenium donors, such as thiophene 
(C4H S) I selenophene (C4HqSe) or alkylsulphides and 
alkyfselenides to the gas phase. This is now under investigation in 
our laboratory. 

The in-situ modification of gas phase chemistry by the introduction 
of donor molecules, such as C5H N, is an important new line of 
investigation for the chemist. S U C ~  modification may permit the use of 
precursors with the most convenient physical properities whilst still 
reducing unwanted side reactions and allowing the optimization of 
epitaxial layer growth. 
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