J. Phys. Chem. R004,108,4873-4877 4873

Complex Formation between Magnesocene (MgGp and NHs: Implications for p-Type
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Magnesocene (biscyclopentadienylmagnesium) is a common precursor used for the p-type doping of GaN
and other group Il nitride materials. Unfortunately, difficulties remain with predictably controlling the
incorporation of Mg during metal organic chemical vapor deposition (MOCVD) film growth, which often
exhibits poorly understood “memory effects.” Although the formation of a reaction product between
magnesocene and ammonia has been previously speculated, one has never been experimentally isolated or
identified. We have spectroscopically observed and identified, for the first time, the adducts formed between
magnesocene and ammonia. Density functional theory (DFT) quantum chemistry calculations have also been
performed on the system to determine the structures and energetics of the reaction products. It was found that
ammonia can form condensable Lewis a€ihse complexes with magnesocene in both 1:1 and 2:1 ratios
(i.e., NHs—MgCp; and (NH;),—MgCp,) via nucleophilic attack of NElat the positively charged Mg center

of MgCp,. Adduct formation is reversible, and the 1:1 and 2:1 products can be converted to one another by
controlling the NH partial pressure. The formation and condensation of both adducts at room temperature is
the probable parasitic source that leads to many of the observed Mg incorporation difficulties during the
p-type doping of group Il nitride materials.

Introduction in eq 1. Such a reaction between Mg@Gmd NH; could be the
principal source of the magnesium doping issues that have been
observed if adduct formation prevents or hinders magnesocene
from reaching the growth surface. Previous work has reported
solid particle formation in the gas phase resulting from the
mixing of bismethylcyclopentadienylmagnesium (Mg(Megp)
and ammoni&,suggesting that MgGand NH; may also react
together in the gas phase at room temperature. Xia et al. have
recently observed adducts of Mg@Qpith various primary and
secondary amines in solutidn.

The group Il nitrides, including GaN and its alloys with AIN
and InN, have a number of properties, including a direct, wide
band gap, high thermal conductivity, and high thermal stability,
that make them attractive for use in optoelectronic devices as
well as in high-power and high-temperature electronic devices.
As a result, the group Il nitrides have been among the most
heavily studied electronic materials over the past decade and
have been successfully commercialized. For the p-type doping
of GaN and its alloys, the dominant species employed is
magnesium, which is typically delivered during metal organic - _
chemical vapor deposition (MOCVD) via the organometallic MgCp; + NH; = NH,~MgCp, @)
precursor magnesocene (Mggp(Cp = cyclopentadienyl
group). Unfortunately, controlled incorporation of magnesium
into 11l nitride films has been difficult. Often the result from
p-type doping is unpredictable Mg concentration profiles that
may vary significantly from run to run. Even in reactors in which
the Mg doping process is reproducible, the Mg in the grown
films is marked by broad concentration profiles corresponding
to a slow response in the doping turn-on and turn-off sequence.
This issue, sometimes referred to as a magnesium “memory
effect,~*is problematic because tight control of doping profiles
is required for optimal device performance.

In group Il metallocenes, it is typical to denote the charge
distribution as M*(Cp~),. Previous calculations using atoms
in molecules (AIM) theory on MgGCphave supported this _ - _
description of a large degree of M@p charge separation, with NH;~MgCp, + NH; = (NHy),~MgCp; 2)
approximate charges on the Mg and Cp ligands-@f75 and
—0.88, respectively.The electron deficiency of the Mg center
in MgCp, suggests that it may be susceptible to nucleophilic
attack by NH, the primary nitrogen source used for group IlI
nitride growth, to form a Lewis acidbase complex, as given

Despite the importance of the p-type doping process and its
various unresolved issues, the chemistry between ammonia and
MgCp, has not been previously investigated to our knowledge.
In this study, we have probed the interaction between ammonia
and MgCp using a combination of FTIR experiments performed
under a typical MOCVD environment and density functional
theory (DFT) quantum chemistry calculations. In addition to
the 1:1 NB—MgCp, adduct considered in reaction 1, we also
consider in this work the reaction in which a second sNH
molecule initiates nucleophilic attack at the Mg atom of the
NH3;—MgCp, adduct to form a 2:1 (Nk)>—MgCp, adduct, as
shown in eq 2.

From the theoretical and experimental results of this work, we
propose in this paper a model for the interaction of Mg&npd
NHs3 as follows:

MgCp, + 2NH; <> NH;—MgCp, + NH; <
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Our results show that MgGpand NH; undergo facile com-

plexation reactions at room temperature and that the condensa '

tion of these adducts onto reactor surfaces is the likely cause ., :

of the Mg doping issues. ‘s%
'® h

Theoretical and Experimental Methods

Main-group chemistry has been widely studied using density 6 (
functional theory (DFT) methods. DFT calculations using the ~
B3LYP hybrid functional were employed in this study to C"m
examine the chemistry between magnesocene angl Wkt
Gaussian 98 software packdgwas used for all of the (a) NH;:MgCp, (1:1 adduct) (b) NH,:MgCp, TS
calculations. Geometry optimizations were carried out without
symmetry constraints using the 6-31G(d) basis set in order to
locate the stationary points on the potential energy surface.

Frequency calculations using the 6-31G(d) basis set were
performed for each stationary point to obtain the zero-point

Cp(2)

. C{1) H1y {

energies, thermal corrections, and infrared frequencies. The N“T

calculated stationary points on the potential energy surface were m}

verified by an analysis of the normal modes as either minima o

by the presence of no imaginary frequencies or as transition

states by the presence of exactly one imaginary frequency. "% ‘m_L
Because single-point energies are known to be more sensitive cp(1) N

to basis-set size than geometry optimizations or frequency
calculations, the energies of the stationary points on the potential (c) (NH,), MgCp; (2:1 adduct) (a) Hydrogen bonded
energy surface were calculated using the 6-8G6{d,p) and Fi . : _

. ] . . gure 1. Optimized geometries of (a) NHMgCp,, (b) the NH;
6-3114_—G(Bdf,2_p) baS|s_ sets in a_ddltlon to the 6-31G(d) l:_)aS|s MgCp transition state, (c) (NE—MgCp, (d) NHs hydrogen bonded
set. Single-point energies run using the 6-83Gi(3df,2p) basis  to MgCp. Red, gray, and blue atoms represent C, Mg, and N,
set were calculated using SGFtight convergence criteria in  respectively.

Gaussian 98. All energies reported in this paper have been zero- i )
oint corrected TABLE 1: Calculated Relative Energies (kcal/mol) of the
P . . . Species Considered in This Work
In situ Fourier transform infrared spectroscopy (FTIR) g g pr
experiments were performed to probe the interaction between 6-31G(d) 6-31¥G(dp) 6-313%G(3df,2p)

magnesocene and ammonia. Gases were introduced into a“ﬂr“ggpz_rs —lg-i —%-% —51-4
stainless steel cell at room temperature, simulating cold-wall 3 MaLp, s :
P g (NH3):—MgCp, —-21.6 —-14.9 -12.3

reactor inlet conditions. The cell was constructed of standard
vacuum components, equipped with KBr windows, and resided
in the FTIR sample compartment. A KCl substrate (3 mm thick) TABLE 2: Selected Calculated Bond Lengths (A) and
was located near the point where magnesocene and ammonidngles (deg) for Species Considered in This Work

H-bonded —-1.7 -0.8 —-0.1

mixing occurred, so the transmission spectrum for any condens- mgCp, (NH3)2—MgCp»
able product could be measured. Because of the short path length Cp—Mg—Cp 178.7 Cp-Mg—Cp 144.1
(~7 cm), gas-phase IR absorption was relatively weak and could Mg—Cp 2.030 Mg-N(1) 2.170
be removed by ratioing against the appropriate reference Mg—N(2) 2.210
NH3;—MgCp; N(1)—Mg—N(2) 92.9
spectrum (e.qg., that. of pure NH Spec_tra were collected from Cp—Mg—Cp 157.3 Mg-Cp(1) 2175
500 to 4000 cm?! with 2-cm ! resolution. Mg—N 2149 Mg-Cp(2) 2789
Magnesocene was delivered using a standard bubbler con- Mg—Cp(1) 2.095
figuration, with H, as the carrier gas. A bubbler,Hlow rate Mg—Cp(2) 2.565
of .500 sccm corresponds to a MgCiow of 0.79 ﬂmoI/mi.n NHs—MgCp» TS hydrogen bonded
using the reported MgGprapor-pressure curve from Lewis et cp-mg=—cp 167.8 Cp-Mg—Cp 178.4
al’® The total B flow rate (including the MgCpbubbler flow) Mg—N 3.723 N-H(1) 2.476
was 6000 sccm, and the ammonia flow rate was varied from 0 Mg—Cp(1) 2.045 C(1rH(@) 1.10
to 1000 sccm. The total pressure in the cell was controlled from Mg—Cp(2) 2.104
20 to 500 Torr with a downstream throttle valve. It should be
noted that at constant input flow rates the MgGmd NH; lengths and angles of interest for the optimized structures shown
concentrations scale with the total pressure. in Figure 1 are given in Table 2.
The equilibrium structure for the 1:1 NHMgCp, adduct is
Theoretical Results shown in Figure la. Complex formation is energetically

favorable, with a calculated binding energy of 5.4 kcal/mol.
The fully optimized geometries of the species considered in Mg—N bond formation is evident, with a calculated Mbl

this work are shown in Figure 1. Calculated energies of the distance of 2.15 A. The weak binding energy indicates denor
optimized structures relative to the reactants are given in Table acceptor rather than strong covalent g bond formation. It
1. It can be seen in Table 1 that the calculated single-point can be seen in Figure 1la that magnesocene has been distorted
energies are sensitive to the basis set size. Energies reported ifrom its linear equilibrium geometry to a bent geometry upon
this paper will refer to single-point energies calculated using complexation with NH, with a calculated CpMg—Cp angle
the largest 6-311G(3df,2p) basis set used. Selected bond (where Cp denotes the ring centroid) of 157.Rdduct
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formation causes a significant increase in the-M@p distance, FTIR Results
to 2.57 from 2.03 A in MgCp for one of the cyclopentadieny!
rings. The result is a change in the hapticity of the ring fagm

to n2, with the Mg—C distance for three of the ring carbons
equal to or greater than 3.0 A in the 1:1 adduct. For the other

Cp ring, the Mg-Cp distance increases only slightly to 2.10 A room temperature, the buildup of a hazy, white film on the KCI

and maintains a hapticity of*. . observable to the naked eye is seen, indicating the formation

The bent geometry of Ni-MgCp, suggests that a barrier  of 5 condensable product between Mg@md NH. IR data
associated with a change from the linear geometry of MgCp taken at different process conditions show that similar but
may be required for complex formation. Blom et&previously distinct products can be formed by mixing MgCand NH; in
calculated that approximately 3.5 kcal/mol was required to bend the gas phase at room temperatdome corresponding to low-
MgCp, from 180 to 160 (Cp—Mg—Cp). We were able to locate  pressure growth and one corresponding to high-pressure growth.
a transition state for the complexation reaction, which is shown Figure 2 shows the IR spectrum of the condensable product
in Figure 1b. An analysis of the imaginary normal mode of the opserved following the introduction of both magnesocene and
transition state confirms that it is associated with the bending ammonia at a total pressure of 20 Torr and flows of 800 sccm
of MgCp; from its linear geometry. The energy of the transition of NH; and 500 sccm of pthrough the MgCpbubbler. The
state relative to the reactants was found to be only 1.0 kcal/ spectrum was taken after an arbitrary amount of film growth,
mol, indicating that adduct formation should be facile at room which continues indefinitely as long as both sources are present.
temperature. The IR spectrum of the condensed film taken at a higher total

The equilibrium structure of the 2:1 (NJ3—MgCp;, adduct, pressure of 500 Torr and flows of 1000 sccm of N\aid 500
formed by the nucleophilic attack of the 1:1 AHMgCp, sccm of H through the MgCpbubbler is shown in Figure 3.
adduct by an additional NHnolecule, is shown in Figure 1c.  The low-pressure and high-pressure spectra, although distinct,
The formation of the 2:1 adduct is energetically favorable both contain peaks in the same frequency ranges that correspond
compared to that of the 1:1 NHMgCp, adduct and has a  t0 modes that would be consistent with adducts containing
calculated binding energy of 12.3 kcal/mol. Interestingly, the MJCpz and NH;. Although there is considerable overlap
nucleophilic attack of the second Niholecule at Mg leads to ~ between both spectra, the low-pressure spectrum in Figure 2
a greater change in the energy@.9 kcal/mol relative to that ~ exhibits a strong peak a 773 cfthat is absent from the high-

The introduction of MgCp or NH3 separately into the IR
cell at room temperature does not result in any detectable
buildup of condensable species on the internal KCI window.
However, when the cell is filled with both MgGand NH; at

of the 1:1 adduct) than the initial attack of the first Midolecule pressure spectrum (Figure 3). Likewise, the high-pressure
to form the 1:1 adduct<5.4 kcal/mol). This may be due to a  SPectrum contains a peak at 689 Crthat is not present to any
preferred coordination state of the Mg atom in (jy4+MgCp, significant degree in the low-pressure spectrum. This indicates

versus NH—MgCpy. No transition state could be located for {hat the 20-Torr and 500-Torr data in Figures 2 and 3,

the formation of (NH),—MgCp; from the reaction of Nkland respectively, represent distinct products, Wlth no significant

NHs—MgCp, implying that no barrier or only an insignificant amount of the_ high-pressure product being present at low
barrier exists for this process. Thus, the formation of gyH pressure and vice versa. o

MgCpy is predicted to be facile at room temperature. The 1he assignment of the products observed in Figures 2 and 3
formation of (NH),—MgCp: further increases the bend of Can be made by considering the equilibrium relation given by

MgCps, with a decrease in the GMg—Cp angle to 144.1 from €4 3. Because of the low concentration of MgQyHs is always

157.% in NHa—MgCp,. The ring centroid-to-Mg distances are present in large excess. An increase in pressure will have the
also. increased to 2.18 and 2.79 from 2.10 and 2.57 A effect of increasing the Niipartial pressure, thus shifting the

; ; . P : ' tion equilibrium to the right, from the 1:1 adduct to the 2:1
respectively, in the 1:1 adduct, indicating weaker rihdg reac . .
interactions in the 2:1 adduct. The Mai bond lengths in the  34duct. Therefore, we assign the low-pressure productn Figure
2:1 adduct are not equivalent, at 2.17 and 2.21 A, and are slightlyin Fi ure.3 o the %_1p2 N EMX Co, com I?exp ure produ
longer than the 2.15-A MgN bond in the 1:1 adduct. 9 1 (Ng2>~MgCp PIEX.

We h | idered th ibil f a hvd This assignment can be verified by the changes observed in
e have also considered the possibility of a hydrogen o |5 spectra when the Nfpartial pressure is altered after

bonding interaction between the Cp ring hydrogens with o orawih of the high-pressure product (i.e, the 2:1 adduct)
ammonia. Figure 1d shows the optimized geometry 0fsNH \hije maintaining a total pressure of 500 Torr. Figure 4a shows
hydrogen bonded to a ring hydrogen of MgCAn analysis of (e 2:1 adduct formed at a total pressure of 500 Torr from
the calculated vibrational normal modes of the hydrogen-bonded MgCp, bubbler and NH flows of 500 and 1000 sccm,
qdduct shows a stretching mode betweenzHHd the ngargst respectively. In Figure 4a, the Mg&flow has been turned off,
ring hydrogen at 74.5 cnt (unscaled). However, the binding \yhich arrests further film growth but does not result in the loss
energy of the hydrogen-bonded adduct was calculated to be onlygf the condensed product. Figure 4b shows that when the NH
0.1 kcal/mol. Because of this insignificant binding energy, itis flow is shut off the film converts to a product with an IR
unlikely that the hydrogen-bonded adduct will be observed sjgnature virtually identical in shape to the low-pressure adduct
experimentally at room temperature. Xia et al. recently reported shown in Figure 2. This verifies that the low-pressure product
intramolecular and intermolecular hydrogen bonding between js the same as that observed when the; Birtial pressure is
the cyclopentadienyl rings of MgGpand the hydrogens of  reduced at high pressure (i.e., the 1:1 adduct). This conversion
various primary and secondary amirfeAn analysis of the of (NH3),—MgCp; to NHz—MgCp; is captured in Figure 4c
calculated normal modes of NHMgCp, and (NHs),—MgCp, (the difference spectrum of Figure 4b and a), which shows the
indicates that the lowest-frequeneyN—H) mode for each  appearance of 1:1 adduct features and the loss of 2:1 adduct
adduct is associated with the ammonia hydrogen closest to apeaks. Figure 4b (and hence Figure 4c) was taken within a
cyclopentadienyl ring. This suggests intramolecular hydrogen couple of minutes after turning the Niflow off and thus shows
bonding interactions in both the 1:1 and 2:1 adducts ok NH that the conversion of the 2:1 adduct to the 1:1 adduct occurs
and MgCp. on a relatively fast time scale. When the MNid turned back on
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Figure 2. Infrared spectrum taken during the growth of the condensable product of Mg@a\NH; at a total pressure of 20 Torr. Mg&pubbler
and NH; flows were 500 and 800 sccm, respectively. Rectangular bars represent the calculated spectrugt+fMgGitd (the 1:1 adduct). A
scaling factor of 0.97 was employed, except for theHCand N-H stretching modes, for which a scaling factor of 0.947 was used.
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Figure 3. Infrared spectrum taken during the growth of the condensable product of Mg@iNH; at a total pressure of 500 Torr. Mg&ipubbler
and NH; flows were 500 (in H carrier gas) and 1000 sccm, respectively. Rectangular bars represent the calculated spectrur)foM@Eh;,

(the 2:1 adduct). A scaling factor of 0.97 was employed, except for the @d N-H stretching modes, for which a scaling factor of 0.947 was
used.

at the same flow rate of 1000 sccm (with the MgGlpw still pressure. Increasing the NEbncentration shifts the equilibrium
shut off), the film converts back to the 2:1 adduct, as shown in toward the 2:1 (NH),—MgCp, adduct. Decreasing the NH
Figure 4d. If the NH is turned off again, then the film converts  concentration shifts the equilibrium to the left, to the 1:1\NH
back to the 1:1 adduct and decreases in intensity over a period\igcp, adduct and the reactants. The low-pressure and high-
of several minutes by dlgsop!atlon, desorptlon,.ora}comblnatlon pressure products shown in Figures 2 and 3 simply represent
of hoth. Eventually, no significant trace of the film is observed, growth conditions in which the equilibrium is shifted to the 1:1

as shown in Figure 4e, indicating that the reaction of MgCp and 2:1 adducts, respectively. We note that the reactions are

and NH; is entirely reversible at room temperature. A ; .
This observed chemistry of the condensed products as the€ntirely reversible at room temperature and support the assign-

NHs flow is turned off and on is entirely consistent with the Ment of the products of MgGpand NH; to Lewis acid-base

proposed model given in eq 3 and verifies that both 1:1 and complexes with binding energies in the neighborhood of those
2:1 adducts can be formed at a given pressure (although notpredicted by the theoretical calculations. The results of this study
necessarily at any pressure) by adjusting the;Ntartial also suggest that the solid particles that were observed by
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experiments and DFT calculations to elucidate difficulties in
incorporating Mg into group 11l nitrides during p-type doping.

It was found that ammonia and magnesocene can form gonor
acceptor complexes at room temperature in both 1:1 and 2:1
ratios (i.e., NH—MgCp, and (NH;),—MgCpy).

Both NH3—MgCp, and (NH),—MgCp, were seen to be
condensable at room temperature under reactant flow conditions
typical of group Il nitide MOCVD growth. We believe that
the formation and subsequent condensation of these low-vapor-
pressure adducts is a probable source of parasitic Mg loss that
results in the observed unpredictable Mg incorporation and slow
turn-on and turn-off response during p-type doping of group
[l nitrides. This points to two obvious paths to improve the
Mg doping performance. The first is simply to prevent adduct
formation from occurring. This can be achieved to some degree
by avoiding mixing the MgCpand NH; flows for as long as
possible before the growth substrate is reached. However,
because of the insignificant reaction barriers calculated for the
formation of the complexes, some adduct formation is inevitable.
Recognizing the fact that adduct formation will occur, the second
option is to prevent or limit adduct condensation. That is, if the
vapor pressures of the adducts are not exceeded, then condensa-
tion and hence parasitic loss of Mg will be avoided. This can
be achieved by lowering the reactant flows (e.g., the; Rbw)
or by heating the upstream reactor components to shift the
equilibrium of the reaction back to the gas-phase reactants.
Preliminary quartz crystal microbalance growth experiments
indicate that this approach is effective at preventing the
condensation of the complexes of MgCand NH;.
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