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The reaction chemistry of zinc telluride (ZnTe) metalorganic vapor-phase epitaxy (MOVPE) from dimethylzinc
(DMzn), diethylzinc (DEZn), and diisopropyltelluride (DIPTe) has been studied using on-line gas
chromatography and infrared spectroscopy. Two growth regimes have been discovered: one at low values
of the 11/VI ratio and the other at higher values of the 1l/VI ratio. In the first regime, the group VI compound

is consumed in excess, while in the second regime, the group Il compound is consumed in excess. The
crossover point lies at 11/VE 5.0 for DMZn and at II/VI= 0.3 for DEZn. Stoichiometric ZnTe is deposited

under all growth conditions. The excess DIPTe consumed is converted into volatile diisopropyl-
ditelluride and isopropyltellurol. Conversely, the excess DEZn or DMZn consumed produces zinc metal.
These waste byproducts accumulate in the outlet of the reactor. The hydrocarbon products generated from
the ethyl and isopropyl ligands are indicative of radical disproportionation, recombination, and hydrogenation
reactions. However, the methyl ligands mainly undergo surface hydrogenation to produce methane.

Introduction MOVPE using dimethylzinc (DMZn), diethylzinc (DEZn), and
diisopropyltelluride (DIPTe). The deposition process has been
monitored by infrared spectroscopy (IR) and gas chromatog-
raphy (GC) of the vapor feed and effluent from the reactor.
Infrared spectroscopy is essential for characterizing both the
reactants and products of ZnTe MOVPE. Moreover, our GC
analysis of the hydrocarbons indicates that the DMZn and DEZn
decompose by two distinctly different reaction pathways.

The wide bandgap of zinc tellurid&f = 2.26 eV) makes it
a useful material in several applications, such as the first unit
in a tandem solar cell, as a buffer layer for an HgCdTe infrared
detector, or as part of the graded p-Zn(Te)Se multiquantum-
well structure in a blue-green laser diod€. Metalorganic
vapor-phase epitaxy (MOVPE) is an attractive technology for
large-scale production of these deviéég-1! However, the
MOVPE of ZnTe is not completely understood at this time. .
Information is lacking on the reactions that occur during film Experimental Methods
growth and on the products other than ZnTe that are exhausted
from the reactor.

Prior research on ZnTe MOVPE has focused on monitoring
the film growth rate as a function of the process conditfori€:2
Apparent activation energies for ZnTe MOVPE were obtained
ranging from 60 to 125 kJ mol for a number of different
precursors and at temperatures between 623 and 723'K.
These results indicate that the process is kinetically limited and
occurs via a heterogeneous reaction pathway. Additional kinetic
information can be obtained from monitoring not only the film
growth rate but also the consumption rates of the organometallic
sources and the production rates of the hydrocarbon products.
This approach has been used by us to study CdTe MOYPE.
We found that the organometallic precursors adsorb onto the
semiconductor surface and decompose via the desorption
recombination, hydrogenation, and disproportionation of the
alkyl ligands. Alkyls that desorb as radicals undergo recom-
bination, hydrogenation, and disproportionation in the gas as
well. We also discovered that, at a 1l/VI ratio higher than 0.5,
the growth rate is limited by the group VI compound, whereas . .
at a Il/VI ratio lower than 0.5, the group Il source is ane) (R_e_stek Ril). During growth, th‘? inlet an_d outl_et gas
rate-limiting. In the regime where the group VI source limits compositions were measured, and the difference in t_he integrated
the deposition rate, the Cd atoms produced in excess of thatP€ak areas was taken as a measure of Fhe productlor! rate of the
needed for CdTe film growth are desorbed from the surface hydrocarbqns. The GC sampling tech_nlque Was_conflgured for
and deposit as a metal film or fly ash in the reactor outlet. We the analysis qf hydroca_rbons only, since the zinc precursors
were curious whether this also occurs during ZnTe MOVPE decomposed in the capillary column. The unreacted organo-
and have therefore studied this reaction in detail. metallic molecules were frozen in a region of the capillary tubing

In this paper we report on the reaction chemistry of ZnTe by holding it at 185 K. At this temperature, the hydrocarbons
passed on into the column. Next, the column was held at 218

*To whom correspondence should be addressed. K for 2.3 min, ramped to 353 K at a rate of 30 K min and
€ Abstract published ilAdvance ACS Abstractddarch 1, 1997. held at 353 K for 0.2 min. Once the hydrocarbons eluted from

The experiments were carried out using an atmospheric-
pressure MOVPE reactor, which is described in detail else-
wherel® The ZnTe was deposited on the inner walls of a glass
tube, 0.4 cm in diameter, that narrowed to 0.2 cm in the reaction
zone. The reactor temperature was maintained to within 2 K
over the 5 cm length of the heated zone. Outside the heated
region, the glass tube was rapidly quenched to 300 K with water-
cooled, heat exchangers. Electronic-grade DMZn, DEZn, and
DIPTe were contained in 200 énstainless steel bubblers
immersed in thermal regulating baths at 258, 288, and 306 K,
respectively. The precursors were vaporized intc-@& cn?®
min~1 of helium, then diluted with either hydrogen or helium
to between 300 and 600 émin~?, and fed to the reactor. The
H, and He (99.995%) were purified by deoxygenation traps and
'13 X molecular sieves held at 195 K.

Gas from the MOVPE system was sampled with a Hewlett-
Packard 5890A gas chromatograph equipped with a flame-
ionization detector and a 30 m long, megabore capillary column
containing a lum thick, stationary phase of poly(methylsilox-
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TABLE 1: Assignment of the Vibrational Bands Observed for DIPTe, DMZn, and DEZn in the Region between 1600 and 450

cm~! (Refs 17419y

DIPTe DMZn DEZn
freq assignt assignt freq assignt

504 (vw) »(M—C) 604 (s) v(M—-C) 572 (s) »(M—C)
874 (vw) o~ 621 (s) r(M—C) 612 (br) p(CHp)
593 () } »(C—C—C)
1000 (w) p(CHg) 706 (br) p(CHg)
1019 (vw) 957 (vw)
1148 (s) } ¥(C—C)/p(CHg) 986 (M) (C—C)/p(CHg)
1197 (s) 1944 (vw)

1188 (w) O(CHy)

1234 (vw) w(CHy)

1030 (vw) clo 1376 (sh) clo

1303 (w) 1175 (vw) 1383 (m)
1372 (m) } O(CHy) 1192 (w) O0(CHy) 1421 (w) } O(CHy)
1462 (m) 1304 (w) 1469 (w)

a Abbreviations: vw= very weak, w= weak, m= medium, s= strong, br= broad, sh= shoulder, c/o= combination/overtone.
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Figure 1. Infrared spectra of the organometallic precursors alone and Figure 2. Infrared spectra of the reactor feed and effluent during
mixed: (a) 500 ppm DMZn and 500 ppm DIPTe; (b) 500 ppm DEZn MOVPE in H; at 713 K and a total flow rate of 200 é&min~* from
and 500 ppm DIPTe. (a) DMZn and DIPTe and (b) DEZn and DIPTe.

the column, the column was taken out of line to the flame- Then a graph of the infrared absorbance versus the precursor
ionization detector (FID). The cold region was then ramped to concentration was prepared. From the slope of the resulting
room temperature, and the organometallic compounds werestraight line, the molar absorption coefficies} ¢f the selected
injected directly into the FID. infrared bands was calculated using Beer’s law. The calculated

The consumption rates of DMZn, DEZn, and DIPTe were absorption coefficients are (#62) x 1% (57+ 2) x 10®and
determined by monitoring the gas-phase composition of the (100+ 6) x 10° cn? mol~* for the DMZn infrared band at 621
reactor feed and effluent with an infrared spectrometer. The cm™?, the DEZn infrared band at 572 ch and the DIPTe
data were acquired with a BioRad FTS-7 spectrometer and aninfrared band at 1148 cm, respectively. Based on this
Infrared Associates wide-band MCT detector. Infrared spectra analysis, the detection limit of the infrared technique is
were collected of the gas streams by passing them through aapproximately 10 ppm for each organometallic compound.
small flow cell, 17.7 cm long and 1.6 cm in diameter, and sealed  The consumption rates of the precursors were determined
with KBr windows. Adequate signal to noise was obtained by during ZnTe deposition by monitoring the change in the
coadding 64 scans at 4 ciresolution. intensities of the infrared bands from the inlet to the outlet of

Shown in Figure 1 are infrared spectra of the individual the reactor. Shown in Figure 2 are samples of the feed and
organometallic compounds and of a mixture of each. The effluent gases during ZnTe MOVPE from DMZn and DIPTe
spectrum of the mixture is an exact summation of the spectra (graph a) and DEZn and DIPTe (graph b) at 673 K and 200
of the individual organometallic compounds. Listed in Table c¢m®min~*total flow. Notice the decrease in the peak intensities
1 are the assignments of the absorption bands for DIPTe, DMZn, of the organometallic compounds at the reactor outlet. In
and DEZn observed between 1600 and 450Hi1° Rela- addition, during growth with DMZn, sharp bands appear at 1300
tively intense bands are detected at 621 trfior DMZn and and 910 cm®. These correspond to the-&i bending mode
572 cm! for DEZn, which correspond to the asymmetric Of methane and to the in-phase=CH, wagging mode of
metal-carbon stretching vibrations. For DIPTe, there is an Propylene, respectiveff 22 In the case of MOVPE with DEZn
intense skeletal mode associated with the isopropyl ligand atand DIPTe, the effluent gas produces absorption peaks at 910
1148 cnrl. These bands are well-resolved from each other and and 950 cm* due to the wagging modes of propylene and
were chosen as a means of independently monitoring the ethylene.
consumption of each molecule during MOVPE. The dependence of the ZnTe deposition rajgre, on the

The intensities of the selected infrared bands were calibratedsurface temperature and the concentration of the organometallic
against the concentrations of the organometallic compounds ageagents can be expressed as follows:
follows. The precursor concentrations were determined with
gas chromatography by measuring the hydrocarbons produced
during complete pyrolysis of each organometallic compound
at 900 K. The hydrocarbons were summed and converted to a
molar concentration of the precursor using the ideal gas law. where n is the number of adsorption sites (cfiy N is

E
n v
FznTe = NA eXF{_ R_?I') PPy 1)
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Figure 3. Dependence of the consumption rates of the organometallic 1
compounds on inverse temperature for ZnTe MOVPE i with . . IV)=5 ,
DMZzn, DEZn, and DIPTe. The II/VI ratio is 1.2, the DMZn partial 0.1 bttt et e e e 0.1
- 7 X ! 10 10 10 10 10 10
pressure is 4.8< 1074 atm, and the DEZn partial pressure is 40 Pocz, (atm) Py or, (atm)
1074 atm. i

Figure 4. Dependence of the consumption rates of sources on their
, partial pressures for ZnTe MOVPE imxtt 673 K: (a) varying the
Avogadro’s numberf andE, are the apparent frequency factor pypzn pressure at 3.4 10-* atm of DIPTe, (b) varying the DIPTe

(s™1) and activation energy (kJ md) for the reactionR is the pressure at 4.4 10~* atm of DMZn, (c) varying the DEZn pressure
ideal gas constanfl is the temperaturel?, and Py, are the at 3.2x 1074 atm of DIPTe, and (d) varying the DIPTe pressure at 4.0
fractional partial pressures of the group Il and VI reactants, and x 10~* atm of DEZn.
u andv are the reaction orders for each reactant. The number
of adsorption sites is assumed to be 5404 cm2, which is consumption (the limiting reagent). This value &k is
equivalent to 2 sites per (6.10 Awhere 6.10 A is the lattice consistent with previously reported values for ZnTe MOVA’E.
constant for ZnTe. It is apparent from eq 1 that, in order to The frequency factor is 1.9 10" s, as determined from the
determine an accurate activation energy, the partial pressure ofntercept of the line. The figure also reveals that at a II/VI ratio
each reactant must remain constant within the reactor. Accord-0f 1.2 the DIPTe is consumed in excess of the DMZn throughout
ingly, the reactor was operated under conditions where the the temperature range studied. As the temperature of the reactor
conversion of the limiting reagent was held to less than 10%. fises, the amount of excess DIPTe increases, ranging from 0.2
This was accomplished by offsetting any increase in reaction X 107 mol min~* at 625 K to 3.0x 10-° mol min™* at 760 K.
rate with an increase in the total gas flow rate. This amount can be greater than 50% of the DMZn consumed.
Periodically, the mass of the film deposited was determined  AlS0 shown in Figure 3 is an Arrhenius plot for ZnTe
by measuring the weight of the tube before and after growth. MOVPE using DEZn and DIPTe (open symbols). The con-
This value matched to within 10% of the mass calculated from S€ntration of DEZn is 4.1x 10™ atm, and the II/VI ratio is
the consumption rate of the limiting organometallic reagent and 1-2- The growth rate of ZnTe with DEZn is higher than that
the time of deposition. During growth, the production rate of with DMZn throughogt most of the temperature range studied.
the hydrocarbons measured by gas chromatography was comJXhe apparent activation energy and frequency factor for ZnTe
pared to the consumption rate of the organometallic precursorsdeposition are 144.4¢ 8.4 kJ mof* and 1.4x 10 s™,
measured by infrared spectroscopy. The production rate of C _respectlvely. _These values are determlned_from the ;Io_p_e and
to Cs hydrocarbons yielded an equivalent consumption rate of intercept of line for the DIPTe consumption (the limiting
DIPTe that was up to 50% less than that estimated from the reagent).' This apparent activation energy is sllght.ly higher than
infrared data. This discrepancy suggested that not all the propyl-that previously reportedi! In contrast to growth with DMZn,
containing reaction products were detected by gas chromatog-t® DEZn is consumed in excess of the DIPTe at a [I/VI ratio
raphy. Sometimes the zinc sources decomposed in the capillary®f 1-2. The amount of excess DEZn consumed increases with
lines leading to the GC and increased the amount of methanetemperature, ranging from 0.6 10" mol min™* at 625 K to
detected from DMzn or the amount of ethane detected from 9-2 X 107" mol min™ at 700 K. _
DEZn, above that generated in the MOVPE reactor. Whenever SNown in the upper half of Figure 4 are the dependencies of
this occurred, the amount of methane and ethane recorded wad® consumption rates of DMZn and DIPTe on the partial
decreased so as to close the zinc mass balance. This seemdyessures of each of these sources at 673 K. On the left side of

valid since the consumption rates determined by IR spectroscopyth® figure (graph a), the partial pressure of DMZn is varied,
accurately predicted the film mass. while keeping DIPTe constant at 3.4 10* atm. The

consumption rate of DMZn exhibits a positive dependence on
its partial pressure. The reaction order calculated from the slope

Results N .
. of the line is 0.13. In contrast, the consumption rate of DIPTe
Consumption of the Organometallic Compounds. Shown decreases with increasing DMZn pressure. The reaction order
in Figure 3 is an Arrhenius plot for ZnTe MOVPE inHrom in this case is-0.13. On the upper right side of Figure 4 (graph

DMZn and DIPTe (filled symbols). The partial pressure of b), the partial pressure of DIPTe is varied, while keeping the
DM2Zn in the inlet is 4.8x 10~ atm, and the II/VI ratio is 1.2. DMZn constant at 4.4« 10~4 atm. As the partial pressure of
The apparent activation energy for ZnTe deposition is 8.2 DIPTe increases, the consumption rates of the group Il and VI
5.4 kJ mot, as determined from the slope of the line for DMZn sources rise by about 1 order of magnitude. The reaction orders
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TABLE 2: Kinetic Data for MOVPE of ZnTe in the Two @ e CH @
Different Growth Regimes (Cf. Eq 1) [ MO Caqs 1
order in partial pressute 'F —So—%Ha g, ER
NI Eaf u v [ ]
ratio (kJmol?) A2*(s!)) DMZn DEZn DIPTe remark ~ 01 5 401
<5.0 86.2 1.9x 107 0.13 0.50 excess DIPTe £ T R BT Y R
>5.0 nm nm —0.13 0.75 excess DMZn E L (b) A CH, (e)]
<0.3 nm nm 0.24 0.26 excessDIPTe < b ip
>0.3 1444 1.4 102 —0.02 0.60 excess DEZn * F
. e [ et
3Values measured at a Il/VI ratio of 1.2Values measured at 673 C{; I
K; nm = not measured. 5 - A
) Soab o o _don
calculated from the slopes of the lines are 0.5 and 0.75, 3 . [ = ' ry isobuta'ne ' @
respect|ve|y a o O 2,3-dimethylbutane ]
. . . . i ] h
Further examination of Figure 4 reveals that the consumption I :’D-_?_?}D‘:aj:g___ He
rates of DMZn and DIPTe cross each other at a Il/VI ratio near 01 F T e 301
5.0 (refer to Figure 4b). Below 5.0, DMZn is the limiting [
reagent so that its decomposition rate equals the rate of ZnTe oo1} . . . . 4001

film growth. Conversely, above a Il/VI ratio of 5.0, the limiting 104 109 10+ 107
reagent is DIPTe, and its conversion determines the rate of ZnTe

deposition. In other words, the kinetics of ZnTe MOVPE _ .
P Figure 5. Dependence of the hydrocarbon production rates on the

fjepends on_the lI/VI ratio: for IIVI= 5.0, the gro_wth rate partial pressures of the sources for ZnTe MOVPE #aH673 K: (a
increases with the 0.13 power of the DMZn partial pressure c) varying the DMZn pressure at 34 10 atm of DIPTe; (d-f)
and with the 0.50 power of the DIPTe partial pressure; whereasvarying the DIPTe pressure at 4:4 10 atm of DMZn.

for II/VI > 5.0, the growth rate increases with th€.13 power

of the DMZn partial pressure and with the 0.75 power of the  Production of Hydrocarbons. The hydrocarbons produced

DIPTe partial pressure. These results are summarized in Tableduring growth lend insight into the process by which the

2. organometallic compounds decompose. Shown in Figure 5 is
In the lower half of Figure 4, the consumption rates of DEZn the dependence of the hydrocarbon production rates on the

and DIPTe are monitored as a function of the partial pressure partial pressures of DMZn and DIPTe at 673 K. From the top

of each source. On the left side (graph c), the DEZn pressuredown, the figure depicts the pressure dependence of the alkyl

Pouz, (atm) Pojere (atm)

is varied, while keeping the DIPTe constant at .20~ atm. hydrogenation products, methane and propane, the dispropor-
Conversely, on the right side (graph d), the DIPTe pressure is tionation product, propylene, and the recombination products,
varied, while keeping the DEZn constant at 4010~ atm. isobutane, 2,3-dimethylbutane, and ethane. These are the only

The dependence of the consumption rates of DEZn and DIPTehydrocarbons detected during growth from DMZn and DIPTe.
on their partial pressures is similar to that is observed in Figure On the left side of the figure (graphs-a), the partial pressure
4a,b with DMZn and DIPTe. However, the II/VI ratio where of DMZn is varied, while keeping DIPTe constant at 3«4
the consumption rates of each source cross each other is equal0~* atm. The most significant product from the decomposition
to 0.3 instead of 5.0. Evidently, as a result of the higher of DMZn is methane. Approximately 80% of the methyl groups
reactivity of DEZn as compared to that of DMZn, the group from DMZn are converted to methane as opposed to ethane or
VI compound is the limiting reagent over a much broader range isobutane. The gradual increase in methane yield with the
of reaction conditions. Listed in Table 2 are the reaction orders DMZn pressure tracks the DMZn consumption rate (see Figure
for ZnTe MOVPE with DEZn and DIPTe, as determined from 4). About 75% of the isopropyl groups from DIPTe are
the slopes of the lines in Figure 4c,d. AtlI/N4 0.3, the ZnTe converted to propane and propylene in a nearly equivalent ratio.
growth rate increases with the 0.24 power of the DEZn partial The propane yield decreases slightly as the partial pressure of
pressure and with the 0.26 power of the DIPTe partial pressure.DMZn increases, reflecting the decreasing consumption rate of
By contrast, at II/VI> 0.3, the ZnTe growth rate does not vary DIPTe. On the other hand, the propylene yield increases a little
with the DEZn patrtial pressure but increases with the 0.60 power with DMZn pressure. The rates for the recombination products
of the DIPTe partial pressure. (graph c) stay constant over the range of partial pressures
The fact that DIPTe decomposes at a faster rate than DMZninvestigated. These products contribute less than 15% of the
and DEZn for 11/VI ratios less than 5.0 and 0.3, respectively, is total amount of hydrocarbons produced on a molar basis.
an interesting feature of ZnTe MOVPE. When the II/VI ratio On the right side of Figure 5 (graphs-§), the partial pressure
is well above these values, deposits of Zn metal are found of DIPTe is varied at a constant partial pressure of DMZn of
downstream of the reactor, as verified by X-ray diffraction. 4.4 x 10~*atm. The production of all the hydrocarbons, except
Conversely, when DIPTe is consumed in excess at ll/VI ratios ethane, increase with the partial pressure of DIPTe. This trend
less than 5.0 with DMZn or 0.3 with DEZn, traces of a hazy, follows the rise in the consumption rates of both organometallic
yellowish powder are found downstream. Under these condi- compounds (cf. Figure 4b). The dimethylzinc is again converted
tions, the ZnTe film is polycrystalline ZnTe with a stoichio- mostly to methane. However, at high DIPTe pressure, a
metric ratio of 1:1 as recorded by X-ray diffraction and contains significant fraction of the methyl groups are converted to
no second tellurium phase that is detectable by X-ray microprobeisobutane. The reactions involving the recombination of iso-
analysis. Furthermore, the consumption rate of the group Il propyl groups to form isobutane and 2,3-dimethylbutane are
precursor corresponds to the resulting film mass in this growth most sensitive to the partial pressure of the group VI compound,
regime. All these data indicate that the excess DIPTe must beincreasing by almost 2 orders of magnitude over the pressure
leaving the reactor as a volatile product. We have discoveredrange studied. At 2x 103 atm DIPTe, the recombination
that the DIPTe forms diisopropylditelluride (DIPDTe) and products account for 30% of the total hydrocarbon yield. It is
isopropyltellurol {-PrTeH), as described below. interesting to note that the 2,3-dimethylbutane production rate



Zinc Telluride Metalorganic Vapor-Phase Epitaxy J. Phys. Chem. A, Vol. 101, No. 13, 199455

@ oH @] TABLE 3: Effect of the H, and He Carrier Gases on the
[ * on | Hydrocarbon Product Distribution for ZnTe MOVPE at 673
1 W" 3" 41 K and a II/VI Ratio of 0.25
[ ® S ] DMZzn DEZn
N ! 401 product8 H» He H, He
£ o1 \ n P BT S hydrogenation
e (b) A A CAH, (€)1 methane 0.40 0.36
< 'F Ty & CH, 3’ ethane 0.27 0.17
= propane 0.22 0.06 0.17 0.11
o O1E 104 disproportionation
¢ 1" ethylene 0.03 0.06
g oolf ] propylene 0.18 0.27 0.24 0.31
E NTEE S RN ST SR P recombination
° F (c) ¢ 2-methylbutane (") ethane 0.02 0.05
R . O 23dimethyloutane 41 isobutane 0.09 0.15
¢ | nbuane ] n-butane 007 011
o1 b 0 l 2-methylbutane 0.14 0.17
1E E 301 2,3-dimethylbutane 0.09 0.11 0.07 0.07
[ 1 ) .
. . . , 1 001 @ Fraction of total hydrocarbons produced on a molar basis.
0.01 PR PR PP PR PR PR X
104 10° 104 103 . o .
P, (atm) Py, (atm) at the 1I/VI ratio of 0.3, which is the crossover point of the

Figure 6. Dependence of the hydrocarbon production rates on the lines in Figure 4d.
partial pressures of the sources fgr ZnTe MOVPE jraH673 K: (a- A comparison of Figure 5 with Figure 6 reveals that t_he
c) varying the DEZn pressure at 32 104 atm of DIPTe; (d-f) hydrocarbons formed from DIPTe, propane, propylene, iso-
varying the DIPTe pressure at 4010~ atm of DEZn. butane, 2-methylbutane, and 2,3-dimethylbutane follow the same
trends with the reactant partial pressure, irrespective of the group
overtakes the ethane production rate at a Il/VI ratio of about Il compound used. The main difference in hydrocarbon product
5.0, which is near the crossover point of the lines in Figure 4b. yields is that the methyl ligands from DMZn are converted
Shown in Figure 6 are the effects of the source partial primarily into methane, whereas the ethyl ligands from DEZn
pressures on the formation rates of the hydrocarbons producedare converted into a mixture of ethamebutane, and 2-meth-
during MOVPE with DEZn and DIPTe. From the top down, ylbutane.
the figure depicts the pressure dependence of the hydrogenation Summarized in Table 3 are the effects of the zinc precursor
products, ethane and propane, the disproportionation productsand the carrier gas on the hydrocarbon product distribution. The
ethylene and propylene, and the recombination products, 2-me-deposition conditions are 673 K, 12:510* atm of DIPTe, a
thylbutane, 2,3-dimethylbutane, andutane. Apart fromthese  II/VI ratio of 0.25, and a total flow rate of 320 ¢hmin~2. For
hydrocarbon products, trace amounts of hexane and highergrowth with DMZn, it is observed that the fraction of methyl
hydrocarbons were detected. On the left side of the figure groups converted into methane changes little when the carrier
(graphs ac), the partial pressure of DEZn is varied for a gas is switched from hydrogen to helium. At the same time,
constant DIPTe pressure of 3:210~* atm. Unlike the high the yield of propane decreases 4-fold, while that of propylene
methane yields with DMZn, hydrogenation of ethyl radicals is increases by 50%. These results indicate that in He carrier gas
not the main decomposition pathway for DEZn. On a molar the propyl groups supply the H atoms needed for hydrogenation
basis, ethane comprises only 35% of the total hydrocarbonsof the methyl groups. For growth with DEZn, it is found that
containing ethyl groups. The abundance of ethylene and the fraction of alkyl groups converted into ethane and propane
n-butane indicates that the selectivity for disproportionation and drops by 50% upon switching the carrier gas to helium.
recombination of ethyl groups is significant, especially at Conversely, the yields of ethylene, propylene, anbutane
relatively high DEZn pressures. As the pressure of DEZn increase by 50%. The hydrogenation pathway is less important
increases, the production rates of ethylenehutane, and for the ethyl ligand compared to the methyl ligand for two
2-methylbutane all rise substantially. The most important reasons: (1) the former species undergoes dehydrogenation to
hydrocarbons produced from DIPTe decomposition are prop- ethylene, while the latter species cannot, and (2) recombination
ylene and propane, accounting for 75% of the isopropyl groups reactions are faster for the longer chain alkyl gréup.
converted. The remainder of the isopropyl groups recombine  Production of Ditellurides and Tellurols. Below a II/VI
to form 2,3-dimethylbutane. ratio of 5.0 for MOVPE with DMZn and DIPTe and 0.3 for
On the right side of the Figure 6 (graphs-%), the partial MOVPE with DEZn and DIPTe, the consumption rate of the
pressure of DIPTe is varied at a fixed partial pressure of DEZn group VI precursor is higher than that of the group Il precursor.
of 4.0 x 1074 atm. As the partial pressure of DIPTe increases, When this occurs, a yellowish powder deposits downstream of
the production rate of all the hydrocarbons rises, except for the reactor. This powder possesses an obnoxious odor char-
n-butane and ethylene. These trends parallel the increasedacteristic of an organotelluride, and it turns brown soon after
consumption rates of DEZn and DIPTe and, in fact, show much contact with air. Since ditellurides exhibit a yellow color and
resemblance with the hydrocarbon yields for DMZn and DIPTe. foul odor?425the deposit in the reactor outlet is most likely
Most of the DEZn decomposes via the hydrogenation and diisopropylditelluride (DIPDTe). However, further character-
recombination of the ethyl groups. The hydrogenation yield ization by infrared and Raman spectroscopies should confirm
increases with decreasing Il/VI ratio up to a levele50% of this.
the total ethyl groups converted. With regard to the isopropyl  Volatile tellurols may also be produced during MOVPE at
radicals, a significant fraction of these are converted into low lI/VIratios. According to the literaturé®-2° alkane tellurols
recombination products, 2-methylbutane and 2,3-dimethyl- and HTe exhibit characteristic FeH stretching modes between
butane, especially at high partial pressures of DIPTe. In Figure 2000 and 2100 cri. A known method of generating tellurols
5f, the yield of 2,3-dimethylbutane intersects thatebutane is to decompose an organotelluride in hydrogen carrieryas.
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Figure 7. Infrared spectra of the FeH stretching vibration for
isopropyltellurol, methyltellurol, and hydrogen telluride.
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Figure 8. Infrared spectra of the TeH stretching mode for isoprop-
yltellurol in the effluent gas for ZnTe MOVPE at different temperatures
and in H or He carrier gas. The II/VI ratio is 0.25, and the DMZn
partial pressure is 5 107 atm.

Accordingly, infrared spectra of the effluent gas from the reactor for the isopropyltellurol is observed. No other bands charac-

during the pyrolysis of DIPTe and DMTe injthave been
collected at different temperatures. Tellurium hydride stretching
vibrations for isopropyltelluroli¢PrTeH), methyltellurol (Me-
TeH), and hydrogen telluride ¢fle) were observed in these

teristic of MeTeH or HTe are detected. Shown in Figure 8
are the spectra afPrTeH during ZnTe MOVPE from DMZn
and DIPTe in hydrogen and helium carrier gases. Evidently,
morei-PrTeH is produced in kthan in He, and the concentra-

experiments. These infrared spectra are reproduced in Figuretion of this product increases linearly with temperature. In

7. Hydrogen telluride is produced by pyrolysis of DIPTe at

addition, it is observed that the amount of isopropyltellurol

873 K. The spectrum consists of a sharp Q-branch at 2066 produced is a linear function of the amount of DIPTe consumed

cm~1 with broad P- and R-branches on either side. TheHe

in excess of DMZn. The band in the spectrum during growth

mode is also accompanied by low-frequency bands at 872in hydrogen at 719 K corresponds to about 40 ppriv@fTeH

(broad) and 839 cmi (sharp). These features coincide well
with those found previously by Hamad&.

During the pyrolysis of DIPTe at 723 K, the top spectrum in
Figure 7 is observed along with a low-intensity spectrum for
H.Te. After subtraction of the §Te absorbances, the relatively
narrow doublet remains at 2041 cin This feature can be
assigned to that of isopropyltellurol, since it is accompanied
by the isopropyl skeletal modes at 1208 and 1157 ‘cand
the Te-C stretching vibration at 642 crh. Pyrolysis of
dimethyltelluride alone at 873 K yields a spectrum offd and

or 10% of the DIPTe consumed in excess of the DMZn.

A mass balance is presented in Table 4 for ZnTe MOVPE
with DMZn and DIPTe at 673 K and a II/VI ratio of 0.25. The
DMZn and DIPTe consumption rates were determined by
monitoring the change in intensities of the infrared bands. The
ZnTe growth rate was estimated by weighing the film after the
run. This growth rate agreed to within 10% of that estimated
from the DMZn consumption rate. The production rate of
i-PrTeH was calculated from the intensity of the
vibrational band. Only the production rate of DIPDTe was not

methane. However, at 723 K, a new doublet appears centeredijrectly measured. However, the amount of hydrocarbons

at 2048 cml, which closely resembles the spectrum of MeTeH
reported in the literaturé® The middle spectrum in Figure 7

shows this feature after the;lHe spectrum has been subtracted
out. The other infrared bands of methyltellurol could not be

produced from DIPTe as measured by GC are much lower than
the expected amount based on the consumption rate of DIPTe
from IR. This difference is attributed to the production of
i-PrTeH and DIPDTe, which are not detected by GC. An

resolved due to their overlap with the intense bands of methane.estimate of the DIPDTe production rate may be obtained from

Other than thevre_y vibrational band of hydrogen telluride,
the spectra of methyltellurol and isopropyltellurol are more

narrow and do not show any rotational fine structure or the r . (i-Pr)=
.. . . €
central Q-branch. This is expected for heavier molecules with

asymmetrical ligand¥22 Our assignment of the vibrational

bands is also consistent with the frequency shift observed from

2066 cntl for HyTe, to 2048 cm? for MeTeH, to 2041 cm?
fori-PrTeH. Itis well-known that when the size of the ligands
on the central (M) atom increases, the-M stretching vibration
shifts to lower frequency. For example, in the serig®HCHs-
OH, and GH,OH, the isolated OH stretching frequencies
recorded in the gas phase are 3740, 3681, and 3636,cm
respectively?8-30

It should be noted that no yellow deposit is detected
downstream of the reactor following the pyrolysis of DIPTe
and DMTe. If any ditellurides are formed, their concentration
must be quite small. Consequently, the amount of tellurol

produced during pyrolysis must be equal to the amount of DIPTe
consumed minus the amount of solid tellurium deposited. Based

on measuring these amounts, the spectra in Figure 7 foe H

a mass balance on the propyl groups:

1
T(2roipre = T, — Mo — Ty, —
2ren, ~ Ticprrer) (2)

wherer is the rate, and the subscripts refer to the individual
components (€Hg = propane, GHg = propylene, GHyo =
isobutane, and 1,4 = 2,3-dimethylbutane). Alternatively, the
DIPDTe production rate may be calculated from a mass balance
on tellurium:

®)

The production rate of diisopropyl ditelluride determined from
egs 2 and 3 are shown in Table 4 for ZnTe MOVPE in Fhe
agreement is excellent.

_1
"oippTe €)= 7x(I'pipTe = I'ZnTe — fiprre

Discussion
Growth Kinetics of ZnTe MOVPE. By monitoring the inlet

andi-PrTeH correspond to about 200 and 100 ppm, respectively, and outlet gases of the MOVPE reactor with infrared spectros-
of these molecules in the effluent gas. (The MeTeH spectrum copy and gas chromatography, we have made a number of

was not calibrated.)
During the deposition of ZnTe from DMZn, or DEZn, and
DIPTe at low Il/VI ratios, the absorption band at 2041 ¢m

important discoveries about the reaction chemistry. We find
that the decomposition rates of the group Il and VI sources
exhibit different kinetics. Depending on the 1I/VI ratio, one of
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TABLE 4: Reaction Rates Recorded during ZnTe MOVPE wherey is the product yield. From Table B4/k(i-Pr) equals
with DMZn and DIPTe at 673 K, a Il/VI Ratio of 0.25, and 0.67 in Hhand 0.73 in He. For MOVPE with DEZn and DIPTe,
a DMZn Partial Pressure of 3.5 x 107 atm? the ethyl and isopropyl groups can disproportionate so that two
rate (x 107 mol min~1) ratios may be calculated:
compound H He
reactant kyk(ED) = yCzH4/(2yC4Hm + stle) ()
DIPTe 2.35 1.82 )
produgt He 079 KIK-PD) = Yo/ Begs,, T Ve,) ©)
ZnTe 1.04 nrh . .
i-PrTeH 0.12 0.05 From Table 3,ky/k(Et) equals 0.11 in Kland 0.15 in He,
DIPDTe 0.49 0.3 whereasky/k(i-Pr) is 0.85 in H and 1.0 in He. These
0.54 0.49 calculation clearly indicate that the alkyl reactions are consistent

aFrom eq 2P From eq 3, assumingnre = romzn. ¢ Not measured. with radical chemistry.
During ZnTe MOVPE with DMZn and DIPTe, 75% of the

the sources reacts at a slower rate than the other one. Thegroup Il compound decomposes through hydrogenation to form
slowest rate determines the rate of ZnTe film growth. The faster methane. As is evident in Table 3, the methane production
reacting source produces waste byproducts: Zn in the case ofdecreases only slightly when the carrier gas is switched from
DMZn and DEZn andi-PrTeH and DIPDTe in the case of hydrogen to helium. In the helium ambient, hydrogenation
DIPTe. Since the excess Zn and Te reaction products arereactions must occur on the film surface, where the necessary
volatile, a stoichiometric ZnTe film is deposited under all hydrogen atoms are provided by disproportionation of the
reaction conditions. The conditions under which the consump- isopropyl groups. In other words, the majority of the methyl
tion rate of the group Il equals that of the group VI source groups from DMZn leave the surface as methane instead of
depends on the reactivity of the organometallic compounds. For methyl radicals. The ethyl groups from DEZn, on the other
ZnTe MOVPE at 673 K using DMZn and DIPTe, the crossover hand, are converted into a variety of products consistent with
point of the consumption rates occurs at a relatively high 1I/VI radical hydrogenation, disproportionation, and recombination.
ratio of 5.0, whereas for DEZn and DIPTe the crossover point The different reaction pathways exhibited by the methyl and
occurs at a Il/VI ratio of 0.3. These results may be compared ethyl ligands are probably due to the higherK bond strength
to CdTe MOVPE with DMCd and DIPTe, where the crossover of DMZn compared to that of DEZn. The average bond
point of the consumption rates occurs at a Il/VI ratio below 0.5 dissociation energies of these molecules are 176 and 146 kJ
(ref 10). mol~%, respectively. It should be noted that DMCd, which has
The kinetics presented in Table 2 are consistent with the a bond dissociation energy similar to DEZn, also exhibits a
heterogeneous decomposition of the two soufcé8. The hydrocarbon product distribution consistent with radical surface
apparent activation energies and the orders in the reactantchemistry®
pressures can be explained by a Langmuinshelwood The surface hydrogenation of methyl groups into methane is
mechanism in which a surface reaction is the rate-limiting step. contrary to current understanding of compound semiconductor
The near zero-order dependence on the DMZn and DEZn surface chemistry. Vohs and co-work&rhave investigated
pressures suggests that the coverage of these species amhie decomposition of DMZn on GaAs(001) and have only
relatively high under MOVPE conditions. Conversely, the detected methyl radicals and zinc atoms with the mass spec-
reaction orders for DIPTe range from 0.26 to 0.75, indicative trometer during temperature-programmed desorption. Further-
of an intermediate coverage of this species. Further examinationmore, it is generally agreed that trimethylgallium decomposes
of Table 2 reveals that the reaction order is significantly lower by desorption of methyl radicals on GaAs(001) surfaés.
when a particular source is in excess than when it is the limiting The discrepancy between our observations and the surface
reagent. For example, the reaction order in DEZn is 0.24 when science studies may be due to the drastically different conditions
DIPTe decomposes faster than DEZn but-8.02 when the under which the experiments are performed. In the latter case,
reverse is true. This implies that the adsorption sites are the organozinc compound reacts by itself without any other
saturated with ethyl groups at the crossover point where DEZn species present, whereas under MOVPE conditions, the group
becomes the excess reagent. Il or VI compounds are decomposing side by side on the film
Reaction Pathways for Alkyl Ligands. The hydrocarbon surface and in the presence of an enormous incoming flux of
product distribution can be explained by radical-like surface these reagents.
reactions of the alkyl ligands. However, it is also possible that ~ Production of Ditellurides and Tellurols. This is the first
some fraction of the alkyl groups desorb as radicals and reactreport on the production of diisopropylditelluride and iso-
to form stable alkanes in the g#s.A good indicator of radical propyltellurol as waste byproducts during ZnTe MOVPE.
chemistry is the ratio of the rate constants for olefin formation Under the conditions studied herein, more than 80% of the
to alkane recombinatiorkgk).10-31:32 |f the ratio of the rate excess DIPTe is converted into diisopropylditelluride (see Table
constants is less than or equal to unity, then this is consistent4). The DIPDTe is most likely formed by the recombination
with radical chemistry, in which the olefin is produced by of two adsorbed-PrTe groups, whereas the isopropyltellurol
disproportionation. If, on the other hand, thék; ratio is much is probably generated by the recombination of adsorad’e
greater than one, thef-hydride elimination is likely to and H. The tellurol is also produced in significant quantity
dominate. This latter reaction is common on metal surfd¢es. during DIPTe pyrolysis, which suggests that it could arise from
The ky/k, ratio is calculated from the hydrocarbon production gas-phase reactions as well.
distribution. For MOVPE with DMZn and DIPTe, only the
isopropyl groups can disproportionate. The ratio in this case Conclusions

is given by During ZnTe MOVPE from DMZn, or DEZn, and DIPTe,
. _ two growth regimes exist which are determined by the 11/VI
kyk(i-Pr)= stHs/ (2yCeH14 + yC4H1r) Q) ratio. In one regime, the DIPTe is consumed in excess, whereas
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in the other regime, the group Il compound is consumed in
excess. The decomposition rate of the limiting reagent deter-
mines the ZnTe growth rate. Volatile waste byproducts are
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