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ABSTRACT

A STUDY OF THE PHOTODISSOCIATION DYNAMICS OF
DIMETHYLZINC AND THE IMPLICATIONS FOR THE GROWTH OF
ZnSe FILMS

by
JOSEPH A. ELIAS

The dynamics of the ArF photodissociation of DMZn (dimethylzinc)
have been studied. The implications of the results for the growth of ZnSe
thin films are discussed. Time-resolved absorption profiles of ground state
Zn and methyl radicals have been acquired using a plasma emission source.
Time-resolved fluorescence from excited CH radicals has also been studied.
The results indicate that the Zn concentration remains constant after the
dissociating ArF pulse, indicating the system is a good source for free Zn
atoms. The CH; radicals that are created recombine to form ethane, and
simulations of the kinetics indicate that the concentration of methyl radicals
reaching the substrate is insignificant. There was no indication of
monomethylzinc formation. The CH radical is likely to combine with H; to
form CH; within several microseconds. Thus the major sources for carbon
contamination in the growth process (CHs, MMZn, CH) are unlikely to

reach the substrate.
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Chapter 1

Introduction
ZnSe is a direct, wide bandgap, II-VI semiconductor with promising

electro-optic applications, as the active material in blue lasers 12 LED's 34,
and optical switches , and as the insulator in GaAs-based MISFET's 6.
However, the ZnSe film quality grown by MOCVD is limited by number of
defects introduced during the growth process 7. It has been shown that lower
growth temperatures reduce the density of defects #°. Motivated by this, our
group has grown ZnSe films at reduced substrate temperatures 10 hy using an
ArF laser to photodissociate the source gases. More recently, this technique
has been used to grow p-type ZnSe films !! by photodissociating NHj as a
dopant source. While this laser-assisted MOCVD (LAMOCVD) method
yields good quality ZnSe films, the fundamental chemistry of the
dissociation process is not well understood. In the growth system,
dimethylzinc (DMZn), diethylselenide (DESe), and ammonia (NH3) are used
as source gases for Zn, Se, and N (by way of NH3) atoms, respectively.
Depending on the UV source, the dissociation of these precursors has been
shown by other groups to break into intermediate compounds such as MMZn
12_ and NH, 13, but the role of these intermediates in the growth process has
not been studied. As a first step to addressing this question, this thesis
concentrates on the 193 nm photodissociation of DMZn in a hydrogen
atmosphere, and the implications of these observations on the growth of
ZnSe films.

The use of DMZn and the related compounds dimethylcadmium
(DMCd) and dimethylmercury (DMHg) in the growth of semiconductors is



well established in the growth of ZnSe 10111415, HgCdTe ¢, CdTe V7, and
HgTe '8 as well as in the deposition of Cd films *. These compounds are
particularly useful for laser-assisted chemistry since they have large cross
sections of absorption in the UV 2022 where ArF and KrF lasers operate, as
shown in Table 1-1. In addition to its use in the growth of ZnSe films,
DMZn has also been used in the photodeposition ZnO . The
photodissociation of these metalorganics have been the subject of numerous
gas phase studies. Work on these compounds began in the 1930's % and
continued in the 1950's 26. More recent efforts 27-2° indicate the return of
strong interest in these compounds.

Since the growth of ZnSe by MOCVD involves several molecules,
there are many possibilities for the intermediate chemistry. Depending on
the energy supplied to the system, DMZn {Zn(CHj3),} may dissociate to
either (Zn + 2 CH3) or (ZnCHj + CHj), while the methyl radical produced,
CH;, can further dissociate to (C + 3H), (C + H + H,), (CH + Hy), (CH; +
H), etc. The intermediate radicals and/or atoms may also be found in excited
states. The Zn atom may appear in the ground state, initially occupy an
excited state, or become ionized. Depending on its atomic state, the Zn may
react with other products in the gas phase to form compounds such as ZnH
3132, thys scavenging free Zn atoms from the growth region. Further
complicating the picture is the possibility for recombination reactions of the
dissociation products to form compounds such as C;Hg or CH,. If radicals
such as CHj arrive at the growth surface and bond, the resultant carbon
contamination could have serious consequences for the electrical properties

of the semiconductor 3334, Thus, the role these intermediates play in the



Table 1-1.
Absorption cross sections of II-VI metalorganic compounds (from Fujita 2! )

(units are in 1 x107'7 cm2)

ArF KrCl KrF XeCl XeF
(193nm) (222nm) (248nm) (308 nm) (350 nm)

DMCd 0.9 3.0 04 0 0
DMTe 2.8 03 3.6 0.05 <0.03
DETe 4.8 1.2 3.6 0.05 <0.03
DMZn 1.8 0.9 0 0 0
DMS 0.6 0.17 <0.01 0 0
DES 1.1 0.8 <0.05 0 0
DMSe 1.1 0.9 0.15 0.02 0
DESe 1.9 1.3 0.2 0.03 0

DM dimethyl (CHs);
DE diethyl  (C;Hs),



growth process needs to be cxpiored in order to improve the overall control
and quality of LAMOCVD ZnSe films.

In general, carbon contamination in semiconductors and metal films
has been shown to be a problem. The role of carbon in ZnSe films has been
explored by Giapis », and it is regarded as a problem due to the fact that
carbon is a shallow acceptor (0.026 eV) in GaAs. In the photodeposition of
Al using the precursor trimethylaluminum (TMAL), Higashi and Rothberg
3536 found that methyl radicals are incorporated into the films photodeposited
by 193 nm and 248 nm radiation. Further work by Zhang and Stuke n
showed that the monomethylalumium (MMALI) fragment is created in the
193 nm photolysis of TMALI and that the MMAI might be responsible for the
transport of the methyl radical to the surface of photodeposited Al films. InP
deposition from metalorganic sources shows qualitatively similar results 38,
Carbon contamination was shown to exist in InP films in which a focused
ArF laser beam impinged on the substrate surface, while no C contamination
was found when the beam was directed parallel to the surface of the
substrate.

Several techniques are conventionally used to study the molecular
photodissociation process. Mass spectrometry has been used to determine
the photofragments of the dissociation process 3% Quantitative results from
this technique are dependent upon knowing the ionization efficiencies of the
molecules and atoms. Qualitatively, the products detected in mass
spectrometry studies have to be distinguished between neutral photoproducts
that are ionized in the ion chamber and ions formed in the dissociation
process. Mass spectrometry studies are limited in temporal resolution, in

that most experiments conducted in growth cells detect only the by-products



of the dissociation process, after the radicals have recombined or reacted to
form stable molecules. Laser induced fluorescence (LIF) studies have also
been used to qualitatively identify photoproducts *° . However, the detection
of photoproducts is dependent upon the ranges of the sources used for the
excitation. Since the strongest ground state Zn transition is in the deep UV
(~2150A) 4, tunable excitation sources which can excite the ground state are
difficult to obtain. The methyl radicals can not be detected by LIF as they
do not fluoresce 42. A non-invasive technique for in situ probing of
photoproducts for growth monitoring is optical absorption, and this
technique has been applied quantitatively in the present work to investigate
the photodissociation of DMZn.

The photodissociation of molecules yields atoms and/or radicals,
which have electronic transitions in the VUV-VIS wavelength range.
Detection of these various photoproducts in absorption requires a broadband
VUV-VIS light source, which can be provided by a synchrotron source.
However, the prohibitive cost of synchrotron sources limits their use to only
a handful of laboratories around the world. In this thesis, an inexpensive,
broadband VUV-VIS light source is described and is used in absorption
experiments to determine quantitative measurements of the photoproducts
resulting from the photodissociation of DMZn by an ArF laser beam.

In summary, an understanding of the basic photochemical reactions is
needed to determine what pathways are available for contaminates (mostly
carbon) to reach the growth surface. The present work explores the issue of
transport of atomic zinc to the GaAs substrate, as well as the role of carbon
containing intermediates, and concludes with recommendations for

improving the growth process.



Chapter 2

Theory |
The molecule DMZn can be modeled as a general triatomic. This is

due to the fact that the, as is true for DMCd and DMHg, the metal atom in
DMZn has a tight inner shell (3spq orbitals extend to O.32A) and a much
larger outer shell (45 extends to 1.06A). The bond length of Zn-C isr =
1.93A, which implies only the 4s electrons play a role in the chemical bond
20 The linear states of DMZn can then be analyzed as essentially a H-Zn-H
molecule. Walsh 43 has proposed that the ground state of such a metal
dihydride is linear in its ground state, bent in its first excited state, and linear
in the second excited state.

The potential energy diagram for a general polyatomic molecule XY
is shown in Figure 2-1, which is taken from the work by Pack 44. Figure 2-
1(a) and (b) are contour maps representations of the molecule’s ground state
and excited state potential energy versus internuclear distance, where
contours are of the potential energy. The excited potential surface is binding
with respect to dissociation of the molecule into X+Y+Y, but is repulsive
with respect to dissociation into XY+Y. As the bond distance r; increases at
constant ry, the molecule separates into Y+XY, and as ry increases at
constant ry, it separates into YX+Y. The coordinate s in Figure 2-1(a) is the
symmetric stretch coordinate of XY2, and "a" is the anti-symmetric stretch
coordinate. As defined by Pack, in Figure 2-1(b), the coordinate z is the
"reaction coordinate” and measures the distance along the dashed line from

the barrier top, and "x" describes the vibrational motion perpendicular to z.



Figure 2-1a.

Pack's diagram for the ground state of the XY, molecule, where "s" and "a"

are the symmetric and anti-symmetric stretch coordinates, respectively.
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Figure 2-1b.

Pack’s diagram for the excited state of the XY, molecule, where "x" and "z

are the reaction coordinates near the barrier top.
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Asymptotically, x is the XY vibration coordinate, and "z" is the distance
from Y to the center of mass of XY.

By constraining the dimensions a=0 and z=0, the potential energy
along the "symmetric-stretch” x coordinate is obtained as shown in Figure 2-
1(c), which is essentially the diagram one would obtain with a diatomic
molecule. The allowed vibrational modes of the symmetric stretch of XY
are indicated by horizontal lines, and the wavefunction for one vibrational
state is shown. The overlap of the ground state wavefunctions with the
excited state wavefunctions is small for the lower vibrational states, reaches
a maximum at v=5 and v=6, then gets smaller in the higher vibrational
states. This gives rise to a continuum absorption with some vibrational
structure.

For the case of asymmetric vibrational motion, Figure 2-1(d) shows
the potential energy of XY along the reaction coordinate z- axis with the
symmetric stretch coordinates s=0 and x=0. This plot shows a potential well
for the ground state and a potential barrier for the excited state. As Pack has
shown, the allowed transitions from the ground state can have a very small
energy overlap with excited state. This narrow band of energies also gives
rise to a structured continuum, and is one explanation of the observed
absorption spectra for the molecule DMZn.

Th f DMX (X=7n H

The absorption spectra of group 12 metal dialkyls was first studied by
Thompson and Linnet 5 in 1935. Work has progressed from that initial
experiment, which identified the upper states as repulsive due to two broad
"diffuse" bands in DM(Zn, Cd, Hg) and DEZn, to the more recent works of
Chen and Osgood 2, which have labeled those two states and postulated that



Figure 2-1c.
Pack's diagram for the cut along x (with z=0) from Figure 2-1(a) and (b),

where the wavefunction with the peak overlap is shown.

Figure 2-1d.
Pack's diagram for the cut along z (with s=0 and x=0), with several

wavefunctions shown.
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these upper states might be bound but dissociative. Theoretical work has
also been done by Baake 45 to determine the molecular constants and
geometries of the molecules. More recent work by Jackson 23, Robles 4%, and
others have been interested in the formation of MMZn as a stable product of
the photodissociation process. The work discussed in this thesis builds on
these studies to try to determine what intermediate molecules are to be
expected from the 193 nm photodissociation of DMZn and what chemical
reactions take place with these intermediate radicals.

As a background for studying any molecule and its photodissociation,
it is useful to have information on its ground state and excited states. In the
ground state, DM(Zn, Cd, Hg) has a quasi-linear M-C-M skeleton, with
methyl groups that are free to rotate 4. This type of molecule belongs to the

Djsp, group, which is shown in Figure 2-2 and contains “%:

one 3-fold rotation axis C3
three 2-fold rotation axes ( C3 , C3, C5 ) perpendicular to C3

one reflection plane ( o,, ) perpendicular to C3

three mirror planes through the z-axis

Since the M-C bond is longer than the C-H bond in methane, the bond angle
in the methyl groups have been shown to be less than the 109° for a regular
tetrahedron 20

Several groups have proposed molecular models for DMZn
photodissociation. In 1984, Chen and Osgood 2° proposed the geometry of
the excited states as bent for the first state and linear for the second state.

This conclusion is based on the UV absorption spectrum of DM(Zn, Cd, Hg)



Figure 2-2.
Symmetry elements of DMZn (D3n)

(3 reflection planes for the CH3 are not shown)

o (xy)

11
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and assumptions made about the electrons and the bonding. All three
compounds show similar absorption spectra, with vibrationally structured
continua between 2700A and 1700A. This type of structured continua has
been previously described as "diffused bands”, which implies predissociation
by potential surface crossing. However, Pack 44 has proposed that this type
of structured continua can also be due to excitation to an upper electronic
state that is "simply dissociative", which is the view taken in Chen and
Osgood in their work.

In addition to Chen, Fujita has studied the absorption cross section of
DMZn. The results of the two groups are similar and are shown in Figures
2-3 and 2-4. In Table 2-1, the data of Chen and Osgood from the UV
absorption spectrum of DMZn are given. The fragments produced in the
photodissociation process can also be identified by analysis of the
photoabsorption spectrum. The B«X transition of DMZn has enough
energy to break one Zn-C bond, resulting in a methyl radical and a MMZn
radical. Since the B state has a non-bonding orbital 20, breaking this bond
should leave the MMZn in an excited state, as the Zn would be in its first
excited state ( 3P; ). In both the excited state transitions, the methyl groups
that are ejected go from a tetrahedral arrangement to a planar arrangement,
thus one should detect the umbrella mode to be excited in the
photodissociation process.

The MMZn radical has been studied by several groups 22840, The
yield of MMZn versus free Zn atoms has been studied by J ackson 28, The
absorption of a single 248 nm photon produces vibrationally hot MMZn,
which spontaneously dissociates into Zn atoms in t < 40 ns. However, when

a He buffer gas is added, the MMZn fragment is stabilized and becomes the



Fi 2-3.

Absorption spectrum from Chen and Osgood 0
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Figure 2-4.
Absorption spectrum from Fujita 2!

——  Zn(CH,),
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Table 2-1.

Observed spectral properties of DMZn (data is from Chen %)

Umbrella mode of CH3 840 cm-1~39 A
Zn-C-H bond angle 104.7°
7Zn-C stretch of MMZn 330cm-1~15A

Antisymmetric C-H stretch

~3300 cm-1 ~ 152 A

Oscillator Strength
X> A) 0.475
(X > B) 0.302
Center of first vibrational peak
X2 A) 44,700 cm! = 2237 A

X» B)

46,550 cm-! = 2148 A

15
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dominant product at high pressures (see Figure 2-5). It has also been shown
by Jackson that use of Ar as a buffer gas improves the yield of MMZn at a
given pressure. This implies that at the pressures used in the LAMOCVD
chamber (typically 100 torr), if a MMZn species is being formed, it could be
a major factor in the overall growth process.

A different view of the DMZn molecule and its absorption spectrum
has been proposed by Bancroft 47. Instead of assuming only the outer most
orbitals contribute to the bonding, all the valence electrons can assumed to
be active. With this in mind, the valence shell of the M(CH3); molecules
can be labeled as:

(2e Y (2¢)* (3a,)% (23, )?

where the outer orbitals 2a; and 3a; have mostly metal-carbon bonding
character, and the 2e orbitals form the C-H bonds. Ibuki 22 has used this
orbital structure as a basis for interpreting the absorption spectra shown in
Figure 2-6. The absorption transitions are proposed as Rydberg transitions

which have the following designation :

Absorption Peak Rydberg Designation
(~2020A) 4p « 2a

(~1520A) 4p « 3a

(~1180A) 3p « 2€;3p « 2e

Although the two basic interpretations of the DMZn photodissociation

vary (active vs. non-active outer electrons), the anticipated photofragments



Fi 2-5.
Yield of MMZn versus Zn in the 248 nm photodissociation of DMZn 28
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Figure 2-6.
Absorption spectrum from Ibuki 22

(y-axis units are in megabams ; 1 Mbarn = 1 x102 m2 =1 x10"'® cm2)
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(excited CH3 radicals, MMZn radical) can be determined by both analysis.
Interpretation of the UV absorption spectra can also account for the energy
that is distributed throughout the system by determining which vibrational
modes of the molecule are being excited. The absorption spectra mentioned
in this chapter are used for comparison to the results of this thesis. The
interpretations of the absorption spectra by the above groups are used as a
basis in this thesis for postulating the formation of other photofragments.
The state of the Zn atom after the dissociation process is complete has not

been determined by any group, however, and this is one of the results which

will be discussed.
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Overall System

In order to study the growth process of ZnSe on GaAs substrates, a
special reaction cell was constructed. As shown in Figure 3-1, an ArF laser
(Questek, Model 2220, operating at 5 Hz, 100 mJ/pulse) is focused into a
stainless steel absorption cell, which contains DMZn in a hydrogen ambient
atmosphere. This is similar to the geometry which is used in the actual
LAMOCVD growth cell, where the ArF beam profile is focused
approximately 0.5 cm above the surface of the GaAs substrate 1, The
DMZn (Texas Alkyls, 99.9995%; see Appendix A) is obtained from a
bubbler immersed in a constant temperature bath. Extra dry hydrogen is
passed through a palladium diffuser and is used as the carrier gas. A control
system interacting with mass flow controllers and pressure controllers allows
for separate adjustment of the flow rate, metal organic partial pressures, and
the total system pressure. Hydrogen is passed over the windows of the
absorption cell to prevent unwanted metal deposition. The purge flow rate is
maintained around 50 times the metal organic flow rate. In order to create a
uniform flow of DMZn into the absorption cell, a specially designed flange
distributes the gas across the dissociation region, as shown in Figure 3-2a.

The flow rates and the pressures can be used to calculate the number

of molecules in the absorption cell, by the relations:

3.1) SEVA T

PDMZn PHz
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(32) PDMYn _ QDMZn

P Qo

A computer program is given in Appendix B which calculates the density of
molecules for the absorption cell.
VUV-VIS Plasma Pr I

In order to determine the species created in the ArF dissociation of
DMZn, an absorption probe experiment was designed using a novel plasma
light source “8. The plasma is creatéd by focusing an Nd:YAG laser (Spectra
Physics, Quanta Ray Model DCR-3, operating at 5 Hz, 0.8 J/pulse) into a
stainless steel plasma cell containing an argon atmosphere at several hundred
torr of pressure. This plasma emits a temporally short, broadband
continuum of radiation due mainly to free-free transitions (bremsstrahlung)
in the Ar%9. Most rare gases plasmas have similar emissions, but Ar is used
because its first resonance absorption is ~1060 A, which is below the cutoff
of the windows, and it is inexpensive. The plasma emission is used to back-
light the absorption cell, allowing absorption studies of the products that are
formed due to the photoabsorption of the ArF laser photons. The DMZn
molecule has a large cross section for absorption around 193 nm 20, and is
readily dissociated by the ArF laser photons. By varying the timing between
the ArF laser pulse and the Nd:YAG laser pulse (and thus the plasma
emission), the temporal dependence of the absorption profile is acquired.
The plasma emission is also detected from a side window at the plasma cell
by a UV-VIS photodiode (Hamamatsu R1193U-02). This is used to
normalize the PMT signal detected at the spectrometer in order to account

for shot-to-shot variation in the plasma intensity. The spectrometer is kept
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in vacuo during the experiments, and the PMT is sealed by way of an
Ultratorr vacuum flange, as shown in Figure 3-2b.

For some of the experiments, a quadrupole mass analyzer (Micromass
PC, VG Quadrupoles) was used to detect the by-products of the
photodissociation process. The gas was sampled by a 1/4" stainless steel
tube inserted into the center of the ArF laser beam in the absorption cell.
The quadrupole analyzer head was located over a meter away from the
absorption cell, therefore any radicals that are formed due to the dissociation
process have recombined by the time the gas reaches the analyzer.

The plasma cell is separated from the absorption cell by a MgF,
window which transmits wavelengths longer than A ~ 1150 A. Typical
spectral features of the plasma emission from 1000 to 2500 A are shown in
Figure 3-3, with and without DMZn in the absorption cell. The spectra have
not been corrected for window, spectrometer, or PMT efficiencies. The
spectrum is a mixture of continuum (free-free transitions) and line (bound-
free) emission 4%, mostly from Ar Il and Ar IIl. The temporally short (~200
ns) plasma emission allows for good time resolution of the absorption
profiles. Similar plasma sources have been used to perform spectroscopy
and excitation of alkali halide and rare gas alkali molecules 305!,

In order to determine whether the plasma itself is causing any further
photodissociation processes, it is useful to estimate the number of photons
that are incident upon the DMZn within the wavelength range of its
absorption cross section. Using an "energy-balance" equation, the electron

temperature of the plasma can be estimated 32 :

B3 Tp = 2.9e2(IA*)?
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where Ty is in electron volts, I is the intensity of the excitation laser in
W/cm2, and A is the excitation laser wavelength in meters. An IR lens with f
= 25 cm was used to focus the Nd:YAG laser beam (pulse width = 5 ns), and
this would give a typical spot size of several hundred microns. Using an
order of magnitude estimate of I = 1x10° - 1 x10'® W/cm? for the focused
Nd:YAG laser beam yields a temperature of Tp = 3.1 - 14.5eV. Assuming
the plasma acts as a blackbody, the peak wavelength is given by the relation

49 :
(34) TApax = 2898[K][um]

which gives Amax = 170 A - 800 A, as shown in Figure 3-4. For the two
curves, the percentage of radiation contained within the wavelengths of
interest (0.1 pm < A < 0.2 um) is shown. The frequency interval of interest
indicated in the figure represents the range of wavelengths from the cutoff of
the windows to the tail of the cross section of absorption for DMZn (see
Figure 2-6).

Since the percentage of the energy contained in this frequency interval
is significant, it is necessary to determine the approximate number of
photons in this interval. The energy emitted by the 14.5 eV plasma between
0.1 pm < A < 0.2 pm is ~ 2 x10'” €V cm3, and is ~2 x10" eV cm?3 for the
3.1 eV plasma. For an average photon energy within the absorption cross
section (8.3 eV = ISOOA), this means that the Ar plasma emits
approximately 2 x10" < photons / cm3 < 2 x10'6 from the focal point of the
laser. The photons from the plasma act essentially as a point source and are

distributed uniformly in a spherical pattern, so by the time the photons reach
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the absorption region in the cell, they are distributed over an area of 1.2 x10*
cm2. This implies that the photon density of the plasma is approximately 2
x10'° < photons / cm-3 < 2 x10'2, This is four orders of magnitude less than
the density of the DMZn, so it is assumed that the argon plasma does not
cause any significant number of photodissociation reactions.

The plasma emission varies with both Argon pressure and Nd:YAG
laser intensity, and the optimal ranges were determined. Figure 3-5(a)
shows the variation of the plasma emission with pressure, and as the
pressure increases, the line emission becomes less distinct, and the
broadband emission increases slightly. Figure 3-5(b) shows the ratio of two
adjacent emission peaks at different wavelength regions. Again the intensity
of the line emission decreases with increasing pressure, and the effect is
greater at the shorter wavelength region. This decrease in the intensity with
increasing pressure is contrary to the effect noticed by others 53, although
that work used a KrF laser as the excitation source. This effect may be due
to self-absorption, however, this observation was not further explored, and
the lower Ar pressures were used throughout the experiments. The plasma
emission was determined to have optimal output at higher laser intensities,
and all the experiments were performed with an Nd:YAG output of ~850 mJ.
Typical repeatability of the spectral output is within + 5%, as is shown in
Figure 3-6, with better repeatability at longer wavelengths where the
emission signal is stronger.
Geometry and Alignment of System

The ArF dissociating beam and the plasma are centered on the optical
axis of the spectrometer, as shown in Figure 3-7. The ArF laser beam is

focused with a 1m focal length CaF, lens and is directed slightly off-axis
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Plasma spectrum for two consecutive scans
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onto a beam block so as to prevent most of the 193 nm radiation from
entering the spectrometer. Some radiation from the ArF was detected at the
PMT, however, and this limited the temporal resolution of the system. This
alignment allows for maximum spatial overlap of the dissociating beam and
the plasma emission. The system was aligned using a HeNe laser beam by
directing it backwards through the spectrometer slits, the reflecting mirror,
the zeroth order of the grating, and through the absorption cell as indicated
in Figure 3-8. The defining apertures, in order, are the horizontal and
vertical spectrometer slits, a stainless steel beam block, and a purge baffle.
Using this system the PMT and plasma emission can accurately be aligned
within 5 mm.

The ArF beam profile has a rectangular cross section and the area was
measured as shown in Figure 3-9. A razor blade was scanned across the
beam at the center of the absorption cell and the output energy was detected.
An energy versus position graph was acquired, and by differentiating this
graph it was found that the beam profile measures ~ 3 mm X 9.5 mm (0.285
cm?) at the center of the dissociation region in the absorption cell.

The ArF beam is attenuated by several factors once it reaches the
center of the absorption cell: attenuation of the MgF, windows (~8% each),
a slight Zn film on the windows, and the broadband absorption of the DMZn
molecule. All three of these attenuations can reduce the energy of the ArF
by 30% once it reaches the end of the absorption region in the cell. Taking
these factors into account means that the maximum average energy density

of the beam is ~250 mJ/cm?2 (12 MW/cm?2) at the center of the cell.
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ArF horizontal beam profile at the center of the absorption cell
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Timing and Data Acquisition

The timing between the dissociating beam and the plasma probe is
controlled by a digital pulse generator (Stanford Research Systems Model
DG-535). The detection system consists of a 0.25m vacuum spectrometer
(Acton Research Model VM502), to which a solar blind PMT (Hamamatsu
R1080) is attached. A typical slit width is 100 pum, yielding a wavelength
resolution of ~4A. The signal from the PMT is processed by a boxcar
integrator (SRS 245, 250) and the data is recorded with a microcomputer.
The details of the timing triggers for the Nd:YAG laser, the ArF laser, and
the SRS boxcar are shown in Figure 3-10. The temporal relation of the
plasma emission, the ArF pulse, and the boxcar gate is shown in Figure 3-11.
The timing resolution of the system is limited by the jitter of the ArF laser
discharge, which is £+ 25 ns. Due to the flow of undissociated DMZn back
into the optical column, the maximum delay time from the dissociating laser
for probing photoproducts is ~2 ms.

This system was used to acquire information on the photodissociation
of DMZn by a 193 nm laser. However, the setup is readily capable of
switching to the other source gases (NH3 and DESe). As will be discussed
in the next chapter, the results of this thesis are comparable to those
mentioned in Chapter 2, which were done mainly with synchrotron sources.
The versatility and inexpensive nature of the setup lends itself well as a

valuable tool for studying the growth process.
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Figure 3-11.
Temporal relations between the ArF laser pulse, the Nd:YAG laser pulse, the

plasma emission, and the data acquisition boxcar integrator gate.
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Chapter 4

Summary of Experiments
The experiments on the photodissociation of DMZn were performed

in several phases, and will be discussed separately. The first phase was
absorption experiments that probed the photoproducts; the second phase
studied the visible emission noticed during the ArF dissociation laser pulse;
and the third phase explored the dependence of the first two phases on the
ArF energy density. A summary of the experiments is given below.

The only photoproducts observed in absorption were ground state Zn
and ground state methyl radicals, as is seen in Figure 4-1. The transitions
shown are the (41P,) « (41S,) transition at 2139A for Zn, and the (B 2A))
(X 2A)) transition at 2160A for CH;. Curve A is the plasma spectrum seen
with the absorption cell evacuated, Curve B is an empirical fit to the baseline
of the absorption curve, and Curve C is the detected plasma spectrum with
DMZn in the absorption cell. Curve C is separated into three regions: (1) the
ATF laser on, but with the output shutter closed, (2) the ArF laser on, with
the output shutter open, and (3) the ArF laser on, and the output shutter
closed. This was done so as to eliminate the effect of any electrical noise in
the data due to the firing of the ArF thyratron, and to observe the variation in
the spectra due to the broadband DMZn absorption due to only the

photodissociation process.
Two other transitions of CHj besides the one at 2160A were detected

in absorption as shown in Figure 4-2, the (C E X 2A1) transition of CHj
at 1503A, as well as an absorption at 1385A, which may be due to the 8, «

X and ¥, « X transitions of CHj “>%*. Similar to Figure 4-1, Curve D is the



Figure 4-1,
Plasma spectra showing absorption profiles of Zn and CH3

Intensity (a.u.)

-t
N
I

0.8 —
0.4 — Shutter Shutter Shutter
7] closed open closed
0

Wavelength (A)

2000 2050 2100 2150 2200 2250 2300

39



Figure 4-2.

Absorption profiles of VUV CHj3 bands at 1385A and 1503A
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plasma spectrum with vacuum in the cell. Curve E is the plasma spectrum
with DMZn in the cell with the ArF laser on and the shutter cycled opened
and closed, and Curve F is the plasma emission with DMZn in the cell and
the ArF laser shutter closed. Due to the relatively low signal levels of the
plasma at the shorter wavelengths, the absorption transition of CH3 at 2160A
provided the best signal to noise ratio of the three methyl absorptions and it
was used to determine the methyl radical concentration. Visible emission
from excited state CH radicals were also observed. A summary of the
species detected and of the relevant time scales is shown in Figure 4-3,

where the transitions are:

Zn  (4'P)) « (4Sp) A =2139A
CH; (B?A)) « (X%A) A = 2160A
CH* (A 2A) > (X ) A =4315A

The results from the absorption experiments are discussed below, and the
results from the fluorescence experiments and the energy dependence

experiments are discussed in later in the chapter.

Absorption Experiments
Because of the hydrogen window purge, the actual length of the

absorption region in the cell had to be determined. The DMZn absorption
cross section is determined using Beer's Law:

“4.1) GOO:FII—I—, In ITO



Figure 4-3.

Summary of the detected photodissociation species and their lifetimes
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where N is the density of absorbing species per cm3, L is the absorption
length in cm, Iy is the detected intensity of the plasma with vacuum in the
cell, and I is the intensity with DMZn in the cell. The effective absorption
length is determined by measuring the DMZn absorption cross section with
no purge gas flowing, using the known length of the cell. An absorption
measurement is then taken with the purge gas flowing, and it is compared to
the measured DMZn absorption cross section. By this method, it is found
that the average absorption path length in the cell is approximately L = 8 cm
with the hydrogen purge. This length varies + 1 cm from experiment to
experiment (see Table 4-1).

The cross section of absorption for DMZn has been reported by
several groups (see Figures 2-3,4,6) 222, As shown in Figure 4-4(a), the
cross section obtained in this work is in good agreement with the results of
the other groups. The absorption feature centered around 2020A has a peak
cross section of approximately 0.3A2, close to the value obtained by Fujita 2!
and Ibuki 2 whereas the maximum obtained by Chen and Osgood ?° at this
wavelength is 0.4A2. Comparing our results to Ibuki, the deeper UV feature
centered at ~1550A is in good agreement with a maximum of ~0.7A2,
However, the feature at ~1200A yields a maximum of ~1.6A2, compared to
a maximum of ~1.1A2 for Ibuki. Figure 4-4(b) is a high resolution scan of
the absorption cross section, where the vertical lines indicate superposed
vibrational progressions of Zn-C stretching and CH3 deformation first
identified by Chen and Osgood (see Figure 2-3). Similar to the observations
of Tbuki, the Zn-C stretching mode is also evident in the deeper wavelength
region from ~1520A to ~1180A.



44

Table 4-1.

Summary of data for several typical experiments

Zinc Absorption Methyl Absorption
Equivalent Width Fit to Decay Curve
Method* Method

Npmzn Length [ EQW. Nz, % Abs.| Ag K Ncuys % Abs.
(cm3) (m) | A (m3) () | () (us-1) (cm3) (-)

I 13el5 64 0.56 3.5el5 270 | 00694 1649 13el5 50
II 13el5 74 047 18el5 138 - -- -- --
I0 13el5 90 053 25el5 192 |0.1311 0.856 13el5 50
IV 13el5 (5.5) 060 4.6el5 353 |0.0840 0806 7.7¢l4 30
V 40el5 93 196 9.8el5 245 -- - -- --

I: Zn equivalent width averaged from 1-200 us

II: Zn equivalent width averaged over 9 runs with varying energy

I : Zn equivalent width averaged from 1-200 us ; CH3 profile taken with to=2 us
IvV: Vacuum and DMZn spectra do not match well for calculating length

V. Zn equivalent width averaged over 4 runs with varying energy ; 100 torr Hp
f = 1.3 for Zn (4P<-- 45) Total = 151 MHz (@ 25 torr Hp)

A =13.5 s-1 (Doppler width) Ttotal = 250 MHz (@ 100 torr Hp)

* note: calculations based on curve of growth with a = 0.1 ; actual concentration of Zn

calculated by this method is less due to the fact that the ratio of Lorentzian to Gaussian
linewidths is & = 0.14 (@ 25 torr Hp) and a0 = 0.23 (@ 100 torr Hp)



Figure 4-4a.

Absorption cross section of DMZn (compare 10 Figures 2-3,4,6)
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In order to calculate the concentrations of absorbers (either Zn or
CHj,) from the absorption profiles, it is necessary to estimate the depth of the
absorptions. An empirical estimate of the baseline of the absorption curve is
determined to compensate for the broadband absorption due to the DMZn
molecule. This method is used because as the ArF dissociates the DMZn in
its optical path, the broadband molecular absorption due to the DMZn
decreases, thus the signal to the spectrometer increases. As more DMZn
dissociates (by increasing the ArF energy), the detected spectrum more
closely resembles the vacuum spectrum. From this fit as shown in Curve B
of Figure 4-1, the observed concentration of both Zn atoms and CHj radicals
can be calculated.

A summary of the experimental data for both the Zn atoms and methyl
radicals is given in Table 4-1. This data is used to find the concentrations of

the species as described below.
Methyl Radical Concentration

To determine the density of CH; absorbers in the optical column, it is
necessary to observe the decay of the methyl radical absorption in time and
use gas kinetics to determine the initial concentration of radicals. The
dominant reaction is taken to be the recombination reaction CH; + CH3 + M
— C,Hg + M, based on the reaction rate constants listed in Table 4-2. The
reaction to form ethane is kinetically favorable over the formation of
methane. |

Mass spectra studies support this conclusion, as shown in Figure 4-5.
Figure 4-5(a) shows that when the laser is on, the concentration of mass 28
(C2Hy) increases by over an order of magnitude and the concentration of

mass 27 (C2H3) also increases. However, the concentrations of mass 16
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Table 4-2.

Reaction rate constants for several important reactions (from Tsang 57)

Reaction k (B00K) k& (673K)
cm3
molecule second
I CH; + H, - CHy;+H 1.2 e-20 4.7 e-16
O CH; +H — CH, 20e-10 1.5e-10
oI CH;+ CH; — GCyHg 44e-11 26e-11
IV C.Hg — CHs+ CH;  52e-49* 72e-13*

CI‘I]6

*units for unimolecular reaction rate coefficient: 5

molecules? sec
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Figure 4-5a. ,
Mass spectra with ethane as the major by-product of the photodissociation
10°
) E Laser on Laser off  Laser on
€ 115
10"
o 3
=
(/2]
N
2
o g8
Iz
@
o
10- Illlllllllllllllllllllllllllll
0 10 20 30 40 50 60
Fi 4-5b. Time (minutes)

Mass spectra showing several hydrocarbons in relation to Zn concentration

1-DMZn only; 2-ArF on; 3-ArF off; 4- ArF on; 5-ArF off; 6-DMZn flow off

6
5 ‘ 6

LOG (Partial Pressures)

1 .r‘ll.llllllIlllIlllllIl:lll-l.lll
0 5 10 15 20 25 30
Time (minutes)



49

(CH4) and mass 15 (CH3) do not increase or only increase slightly. This
implies that ethane (C2Hg - mass 30) is most likely the dominant by-product
in the reaction cell, as it is then cracked into masses 27 and 28 in the
quadrupole analyzer head. If methane (CH4 - mass 16) were the major by-
product, one would expect a large increase in the concentration of both
masses 16 and 15, which does not occur. It has also been shown by other
groups 5556 using residual gas analysis that ethane is the major product of the
recombination of methyl radicals in the photolysis of DMCd.

Figure 4-5(b) gives an indication of the diffusion time of the products
to the analyzer head. Region 1 shows the background constituents of the
cracking of DMZn; region 2 is when the ArF laser beam is turned on; during
region 3 the laser is temporarily turned off; the laser is on again during
region 4; the laser is off during region 5; and during region 6, the DMZn gas
flow is shut off and only H; flows through the cell. When the ArF laser is
on, the partial pressure of Zn decreases due to the fact that fewer complete
DMZn molecules reach the analyzer head, thus the molecule's contribution
to the Zn concentration goes down. While the quadrupole is a good
qualitative tool, the time delay due to diffusion limits its time-resolved
diagnostic capabilities.

The decay of the methyl radical absorbance signal at 2160A versus
time is shown in Figure 4-6. In order to determine the number of absorbing
radicals N, the kinetic equations for a second-order reaction are used 58,

dN

4.2) d = 2k N2

Rearranging and integrating:



Figure 4-6.

Methyl radical decay in time
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43 SpEp—
4.3) “NoZkt + 1

From Beer's Law, the absorbance (A):

4.4) A=1n%=NGL

Combining (4.3) and (4.4):

_ A
(4.5) A=NOL= 3 7]

where:

2k
K='6—L and Ap=NooL

Equation (4.5) is then used to fit the CHj absorbance signal decay. From the
curve fit, the constant K is determined. To determine N , the term (oL)is
found from the relations in Equation (4.5):

2k _ A

where k is the known rate constant of the recombination rate for methyl
radicals to form ethane, and A is the initial absorbance. Similar to the
results of Callear 5 and Bass ¢, the methyl radical absorption does not peak
until several microseconds after the dissociation. This is due to the fact that
~ 85% of the methy] radical initially appear in an excited state *, which are

then collisionally relaxed to the ground state. As is discussed later, some of
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the increase in CH3 absorbance may also be due to the reaction: CH + Hs
— CHj. For the present work, a typical initial time is t = 2 ps.

For a typical set of data, the initial number of CH3 molecules is
obtained by the following calculations. Referring to tabulated rates on the
production of ethane from the recombination of methyl radicals ST k=44
x10"!! molecules-! cm3 sec'! at room temperature. For the data shown in
Figure 4-6 and its curve fit, the constant K is found to be K = 0.856 ps-1.
The rate constant k and curve fit constant K are then substituted back into
Equation (4.5). This gives (o L)=1.03 x1071% cm3, which yields Ny =1.28
x10% cm-3. This compares with the known initial concentration of DMZn,
Npmza = 1.30 x10% cm-3, calculated from flow rates and pressures of the gas
delivery system (see Chapter 3 and Appendix B). This result implies that
approximately half of the methyl radicals from the complete dissociation of
DMZn (DMZn — 2CHj; + Zn) are being seen in absorption at 2160A. This
is consistent with the observed spectra, as the broadband attenuation of the
DMZn molecule is still present as is seen in Curve C of Figure 4-1,
indicating approximately half of the DMZn is dissociated.

Atomic Zn Concentration

To extract the number of absorbing Zn atoms, the equivalent width of
the Zn resonant absorption line is analyzed. Following Corney 60 and
Thorne ¢!, the number of absorbing atoms in a column of gas at high

densities that is optically thick can be found by :

(Wy)?gme
(4.6) N="7 & fo, LT

where:
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L absorption length (m) €0  permittivity of free space
f,  absorption oscillator strength e charge of an electron

r Lorentzian linewidth (s™!) m mass of an electron

W, equivalent width ) c speed of light

However, when the gas is not in a high pressure regime, the line shape is
described by a combination of Gaussian (Doppler broadened) and
Lorentzian (pressure broadened) linewidths. In this case, in order to
determine the density of absorbers, a "curve of growth" is used as shown in
Figure 4-7. The plot is of log (We/ A) vs. log (2 N fix L/ A) , where N is in
cm-3 and L is in cm, for various ratios of the Lorentzian to Gaussian
linewidth parameters. The ratio term o is definedasa=2(I"')/ A, where I’
is the Lorentzian half-width and A is the Gaussian half-width. Thus
knowing the equivalent width, the oscillator strength, the absorption length,
and the linewidth parameters, one can extract the number of absorbers.

The parameters needed for the curve of growth calculations are
determined as follows. The equivalent width is found for each experiment
from the absorption profile. The area under Curve C in Figure 4-1 is
subtracted from the area under Curve B, and this difference in area is divided
by the average plasma intensity over the width of the transition. The
oscillator strength for this transition is gf = 1.3 62. The length of the
absorbing column is determined from the cross section calculations, and
averages L = 8 cm. For determining the linewidth, several types of
broadening mechanisms are calculated, including resonant self-broadening

(also called Holtzmark broadening), pressure broadening, and Doppler
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broadening, as summarized in Table 4-3 and Table 4-4. The total Lorentzian
linewidth is a combination of natural and hydrogen pressure broadening (I' =
118 MHz + 33 MHz ). Several points should be noted about these
broadening formulas and the resulting numbers. For broadening widths with
units of s-1, this means that the unit of measure is angular frequency and
should be compared to similar units when converting from frequency to
wavenumbers. Depending on the definition of the lineshape function, the
width can be expressed in either wavenumbers, radians per second, or
angstroms, although most authors use radians per second. For the resonant
self-broadening calculation, Hindmarsh 63 has indicated that the factor {(2 j;
+ 1)/ (2 jk + 1)}172 should be included, whereas Comey 60 has excluded this
term. The broadening due to resonant self-broadening was calculated using
the average observed concentration of Zn. The pressure broadened widths
for Zn and CHj3 use an order of magnitude estimate of 1 x10" cm-3 for both
species. The broadening due to hydrogen uses 8 x10'7 cm3 as a typical
concentration.

For a typical absorption experiment, it is found that the equivalent
width is W5, = 0.5 A. This is converted to s-! by the relationship:

21 2nc

4.7) We="3 Wr=

A2 1205 A) =2.06 x10'? 51

(2139 A

Thus the y-axis term log (We,/ A) = log ( 2.06 x10'2/1.35 x10'9) = 2.18.

The ratio term o is found to be:

2T _2(151 MHz)
4.8) 0="A"="515GHz

=0.14
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Table 4-4. Summary of Broadening Calculations for the Zn line at 2160A

Type of Broadening MHz cm! A
Natural Broadening 118 0.004 2e-4
Resonant Self Broadening 5.3 2e-4 8e-6
Foreign Gas (25 torr Hy) Broadening 32.7 0.001 S5e-5
Foreign Gas (100 torr Hy) Broadening 132 0.004 2e-4
Foreign Gas (CH3) Broadening 0.017 6e-7 3e-8
Foreign Gas (DMZn) Broadening 0.034 le-6 5e-8
Doppler Broadening 2,149 0.072 0.003
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This implies that: log { Z_I‘leiL } =64

1054 A (2.5 x105)( 1.35 x10'°)
49) Ni=5¢ = 2(1.3)(8)

=1.6 x10" cm-3

This compares with the initial concentration of DMZn, N = 1.3 x10% cm-3.
This calculation agrees within a factor of two for the number of methyl
radical absorbers calculated earlier in the chapter.

As a check for the equivalent width calculations, another method can
be used to determine the concentration of Zn atoms . Taking the
spectrometer resolution into account, the number of absorbers in an optically

thick column can be expressed as :

a
@100 N={3GV5T  e=im

where a is the fraction of absorbance, o is the cross section for absorption,
av is the resolution of the spectrometer, and 7 is the Lorentzian linewidth.

Taking some typical numbers :

av=4A=26x102Hz a = 0.09 (see Figure 4-1)

gt o 151 MHz
~2av 2(2.6x102 Hz)

=29x107 o =15x101"cm?

The number of absorber is:
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0.09 1

2 - 15 -3
2 (2.9 x107) } (1.5 x1071%)( 8) 2.0x10"° cm

N={

This number agrees well with the equivalent width method for determining
the concentration of Zn. There is a slight variation from experiment to
experiment in the amount of Zn detected, and this may depend on the
alignment of the dissociating beam and the plasma probe source.

The concentration of Zn does not change from 100 ns to 2 ms after the
dissociating pulse as shown in Figure 4-8. This is an indication that the Zn
atoms are not reacting with any of the free radicals to form an intermediate
compound over this time period. Due to the fact the Zn concentration does
not change, this also shows that if any intermediate compound is formed that
consumes Zn (such as ZnH, which is discussed later), its lifetime with
respect to the formation of free Zn atoms must be longer than several
milliseconds.

Fluorescence Experiments

The photodissociation of DMZn by 193 nm radiation also produces a
blue fluorescence centered around 4315A. In order to determine the source
of the observed emission, a slightly different experimental arrangement was
employed. The solar blind PMT was replaced by a UV-VIS tube (either
Hamamatsu PMT 6199 or R943-02) which has a wide spectral response. In
order to obtain good signal to noise ratios, the slits on the spectrometer were
opened from 250 to 750 pm, depending on the experimental conditions and
the type of PMT.

The blue emission, shown in Figure 4-9, is due to the CH (A 2A —» X
2[T) transition %. The resolution of the data in the figure is 6A and the



Figure 4-8.
Observed Zn concentration vs. time
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features of the P, Q, and R branches of the transition are evident. A plot of
the decay of CH* emission versus time is shown in Figure 4-10. Using an
exponential curve fit, the upper state lifetime of the A state is estimated to be
t=81ns. This compares with published radiative lifetimes ¢7 of T ~ 540 ns,
as an average of several of the vibrational bands of CH?¥, and t = 580 ns €&
Thus the upper state decay of CH¥ in our system is assumed to be mainly
non-radiative collisional de-excitation of excited CH radicals with Hj

molecules.
Energy Dependen f the A ion and Fluorescence Photoproducts

CHj vs. ArF Energy

The effect of ArF energy fluence on the absorption and fluorescence
signals was measured. The plot of CH; absorbance versus ArF energy is
shown in Figure 4-11. The plot indicates that the absorbance of CH3 follows
an exponential curve that is dependent on the fluence. The curve fit is

dependent on the fluence (F) and cross section (G) :

@.11) g(F) = K(l - e F)

If the saturation point is defined as the 1/e part of the curve, the saturation

energy density is ~75 mJ/cm2 . This compares to the calculated saturation

energy density of :

hv

(4.12) ESAT =_('; =68 mJ/ cm?

where & (193 nm) = 0.15 x10716 cm2.



Figure 4-10.

Decay of Q-branch emission from excited CH radicals
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Figure 4-11.
Methyl radical absorbance vs. ArF energy density, and curve fit to data
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H* vs. ArE Ener.
In a high energy density system, absorptions of multiple photons can

occur. When the excitation intensity is below the saturation point of a
system, a plot of the log of the emission intensity as a function of the log of
the excitation intensity should have a slope of an integer value : log (Lemission)
=n log {(h v)/ t}, as has been shown in the dissociation of DMCd at 193 nm
6, However, when the excitation intensity is in the saturation regime of the
system, the slope is no longer an integer, but depends on the rates of
population and depopulation of the levels involved, the energy fluence, the
absorption cross sections of the intermediates, and lifetimes of their states 7.
The generation of CH* can be modeled as a simple three level system,
where the lowest level is DMZn, the intermediate level is an intermediate
species such as excited CH3 and/or excited CHz (which will be discussed in
Chapter 5), and the top level is the detected excited-state CH radical. Given
a general three-level system shown schematically in Figure 4-12, the rates of

change of the populations are:

dN,

4.13 & - _G,N,
(413) dt 1271 hv

dN I | N
4.14 2 = g.N, - - g,N, -+ - —2
(4.14) m 21 Ty nN2 o I,
WP N o b N

dt hv T,



Figure 4-12,

Schematic of a 3-level molecular system, with :
Level 1 - ground state DMZn

Level 2 - excited CH3 or excited CH2

Level 3 - excited CH
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The decay in population from the upper states does not add to the lower
states, since in this type of molecular system, the decay of an intermediate
CH,™* (level N,) does not increase the population of the DMZn (level Nj).

One can determine the functional dependence of the emission
intensity on photon flux by numerically integrating the Equations (4.13)-
(4.15), and graphing the log (N3/t3) vs. log (photon flux), where N3/t3
represents the detected intensity at the photomultiplier tube. The same
qualitative result is obtained by plotting log(N3) vs. log(energy density).
The code for numerically integrating the above set of equations is given in
Appendix B, and examples of the results are given in Figure 4-13. In a three
level system that is not saturated, one would expect the log/log of the
emission from the upper state to show a slope of two. Figure 4-13(a) shows
the three level system with the parameters listed in Table 4-5, while Figure
4-13(b) shows the system with much shorter lifetimes. The initial slopes of
the two plots are close to n=2, and saturate at higher energy densities when
the slope of the line approaches zero. Shorter lifetimes have the effect of
shifting the saturation level to higher energy densities, which occurs in the
range of 10 - 100 mJ/cm?2.

In Figure 4-14, the log/log plot of Lemission VS. ATF energy density for
the CH™ state has a slope of n=1.5. There are at least four processes needed
to create CH as shown in Table 4-6, and the population of the upper CH state
(and thus the intensity of the emission) may be competing with the
collisional or radiative depopulation of one of the intermediate steps. As
shown in Figures 4-12 and 4-13, a high fluence of the excitation source also
effects the upper state by depopulating one of the lower levels. The system

which produces CH* is likely in saturation at the energy densities shown in



Figure 4-13a.

Three level system using parameters listed in Table 4-5
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Figure 4-13b.

Three level system using relatively short lifetimes
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Table 4-5.
Some system parameters
System Level o (AR 1 (usec) References
N; - DMZn 0.15 -- this work
N, - CH3T (0.3-0.4)# ~2 Bass, Parkes, this work
N, - CH2* ? ? none
N; - CH* - ~0.08 this work

Tvibrationally excited methyl radicals are assumed in this time regime
*electronically excited state

#vibrationally cold CH3 peak cross section

note: to the author's knowledge, neither the CH3' nor CH,* cross sections

have been measured.
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Figure 4-14.

Log (Peak Fluorescence)
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Table 4-6.
Energies for various photodissociation reactions of DMZn

Dissociation Reaction Energy Reference
I Zn(CH3); — Zn(CH3)+CH; 276eV Jackson ™!
OI Zn(CH;) - Zn + CH3 1.06 eV "
I CHj3 - H + CH, 49 eV Herzberg 42
Iv CH, - H + CH 43eV "
V CHAW - CH (X ) 2.87 eV Barnes¢

total required energy 15.89 eV
hv (193 nm) 6.42 eV
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the figure. Similarly, the log/log plots of the of Zn and methyl radical
concentrations vs. ArF energy have slopes ranging from n=0.3 to n=0.6. If
one assumes that the process to make Zn and methyl radicals is a one-photon
process, this indicates that both the one-photon and multiple-photon

processes are influenced by saturation effects.



Chapter 5

A ion and Fl nce Resul

73

The diffusion of the observed photoproducts (Zn, CH3, and CH) to the

growth surface is important in determining how this photo-assisted growth
process effects the quality of the ZnSe films. It is therefore useful to
calculate the diffusion rate of the species to determine their concentrations
once they reach the growth surface. The diffusion equation (referred to as
Meyer's formula) is 72:

dN 9°N,

51) — = D, —t
()dt 2 922

where D, is the diffusion coefficient given by:

—_ NIK'Z'D2-+-N2}\’I‘UI

5.2) D, 3N, + N,)

The mean free paths and thermal velocities of the species are:
1

«/inN,df+\/1+’—“lnN2df2
m,

(54) v, = w/3—;\‘41 - 157.9 /% =

(53) A, =
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For example, using d; = 3.8 for CH; %, d; = 0.74A for Hy 73, Ny = 3 x10'°
cm-3 (1 torr) of methyl radicals, and N2 = 3 x10'® cm-3 (100 torr) of
hydrogen, the mean free path of the CHj is A = 0.70 pm, and that of H is A
= 12.8 um, while the thermal velocities of the methyl radical at room

temperature and a typical growth temperature are:

v = 706.2 % (300K) and vy = 10589 ? (673 K)

The diffusion equation lends insight into the temporal relation of the
photoproducts, and can be iteratively solved at discrete points in time, for
which the code is given in Appendix B. The results of the simulations on the
diffusion of various species are shown in Figure 5-1. The plots are of Zn
and CH; concentrations as a function of distance from the center of the ArF
laser beam. It has been shown by Chen 7 that in the photodeposition of
metal films using these types of metalorganics, the concentration of metal
atoms is significant only within 1.5 radii of the beam. The same is true in
this experimental system, as absorption profiles were not detected (and thus
were not in significant concentrations) if the probe beam was aligned outside
the ArF beam by more than several millimeters. The initial concentration
profile of the photoproducts can be modeled as a Gaussian distribution (as
the profile of the ArF beam can be modeled as a Gaussian), and it will
remain Gaussian at all points in time throughout the diffusion.

In order to determine the concentrations at any time, only the initial
concentration of Zn and CHj is needed (along with known quantities such as
mass and size of the species). The initial concentrations of the Zn and the

CHj3 are known, as stated in the previous chapter. In addition, the Zn is
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Diffusion of Zn to the growth surface
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known to remain unreactive, while the CH3 decays as a second-order
recombination function. Taking this into account, the model indicates that at
typical growth temperatures and pressures, significant (> 1 x10' cm-3 ) Zn
concentrations will reach the growth surface (50 mm or 0.5 cm from the
center of the laser) after several milliseconds. The methyl concentration,
however, will be below 1 x10!! cm-3 once it reaches the substrate surface.
This is because the total Zn concentration remains constant, while the CHj3
radical concentration will decay due to recombination. It is likely that once
its sticking coefficient (which is typically much smaller than unity 7) and
surface diffusion time is taken into account, the methy! radical will not be
incorporated into the film in concentrations that will harm the electrical
properties of the ZnSe films.

The data also implies the formation of ethane from the recombination
of methyl radicals, which has important implications on the incorporation of
C in the films. Ethane does not absorb 193 nm radiation 7, thus one would
not expect the ethane that has been formed by the recombination of methyl
radicals to be dissociated by the next ArF pulse in time. The formation of
ethane from methyl radicals has important consequences for ZnSe MOCVD
growth. Fujita 767 attributed higher growth rates of ZnSe to the elimination
of the alkyl groups from the precursor gases. The same group has also
proposed that UV-induced oxidation-reduction mechanisms on the surface of
the substrate lead to the elimination of alkyls from the substrate surface, thus
lowering the carbon contamination in the films. This is in qualitative
agreement with Giapis ¥ who showed with SIMS analysis that carbon
incorporation in ZnSe films were lowered by changing the Se precursor from

MASe to DESe. They proposed that a fundamental process that occurs on
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the substrate is the formation of CH3-Se bonds or CHj radicals and Se atoms
near the substrate surface. The presence or either of these two groups
contributes to the incorporation of carbon in the films, as detected by SIMS
and correlated to their PL (photoluminescence) spectra. The PL from the
films grown by our LAMOCVD method show there isno I; peak located at
2.7920 eV, thus is one indication that C contamination is not present in
significant concentrations in the films.

The observed Zn concentration is within a factor of two of the total
DMZn concentration. Although Zn may be formed in another state, no other
transitions of Zn are detected, either from its ground state or its ionic state.
There is a possibility that some Zn is being formed in the 43P, metastable
state, but the yield to that state has been shown to be small by Yu 7. In the
present work, there are no indications of the formation of intermediate
compounds such as MMZn or ZnH. Others have explored the MMZn
radical by absorption 2’ and LIF 2. For DMZn photodissociation, it has been
established that the emission at A = 4128A and A = 4176A (noticeably absent
in Figure 4-9) is due to the A—X band of MMZn. There was no detected
emission in the present experiments from these transitions or any of the other
known transitions bands of MMZn 27, A = 2671A and A = 2739A. A set of
experiments was also carried out to look for the monomethyl fragment in
absorption at these wavelengths and no signal was found. The
photosensitized reaction to form ZnH { Zn(43P1) + H, — ZnH } has also
been explored 7%, No signal was detected in this work in the regions
identified for ZnH emission 8081, and has been mentioned by several groups
2282 g5 to why atomic Zn was not detected in their experiments. The lifetime

of ZnH has been shown to be approximately 10 ps ¥. Any ZnH that is
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formed would decay to ground state Zn and hydrogen, and a change in the
7n concentration would be observed on a 10 s time scale. As discussed
previously, no significant change in the Zn concentration was observed over
several milliseconds, so it is unlikely that any photosensitized reaction to
form ZnH consumes an appreciable number of Zn atoms. Therefore, it can
be inferred that all of the Zn is being formed in a ground state, and that if
there is the formation of another state of Zn, it does not have an appreciable
effect on the growth process.

The results of the fluorescence experiments also show that CH* is
being produced, but its concentration has not been determined. The
reactivity of CH is substantial due to the fact that it has two dangling bonds.
Once the CH* decays to its ground state within 300 ns, it would presumably
react very quickly. Braun 8 showed that CH radicals react very efficiently

with H, in the reaction: CH + H, — CHj, whichhas a first-order

dependence in H; concentration at high pressures :

-d[CH]
(5.5) &

= k[CH][H, ]

The CH concentration at the initial (i) and final (f) times can then be

expressed as:

[CH) _ -(k[H)(t-t))

69 oy -

The rate of reaction was found to be k = 1.03 e-12 molecules-1 cm3 sec-1.

For typical H, concentrations used in the growth of ZnSe films (~3 x10™8
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cm-3), the CH concentration would decay to ~ 4% of its original
concentration after 1 ps.

The initial concentration of the CH radical can be estimated by an
energy argument. Continetti 8 showed that CH3 dissociation into CH; and H
in the 193 nm irradiation of CH3lI takes place with laser fluences greater than
10 MW / cm2. The quantum efficiency of this channel was estimated as 3%.
In the present experimental work, the maximum energy density is ~12
MW/cm2. The bond strength of the C-I bond in CH3l is 2.38 €V, and is
weaker than the first Zn-C bond (2.76 V) in DMZn, (see Table 4-6). While
the dissociation of CHsI would presumably take place with one photon and
leave ~4 eV to be distributed into the photoproducts (to create CH), the
dissociation of DMZn would leave only ~2.6 V. Thus it can be argued that
the efficiency of the CH; dissociation channel in the dissociation of DMZn
will be on the order of, if not less than, 3%. Thus ~4 x10'* cm-3 can be
made as an initial concentration of the of CH radical. This radical reacts
with other radicals and/or atoms (most likely H,) and its concentration is
reduced significantly in a time frame short (~1 ps) compared to the diffusion
time of the other species (Zn, CH3), and thus has little effect on the ZnSe
films.

The absorption experiments have identified the kinetics and
concentrations of methyl radicals and Zn. The fluorescence of CH radicals
is indicative of a high energy density system, but it does not seem likely to
be a channel for C incorporation. The absence of MMZn and ZnH
transitions, along with the constant concentration of Zn atoms over time,
indicates that these two radicals are not a major concern for the growth

system.
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Energy Dependence Results
In order to create Zn, CH;, and CH*, 15.97 eV must be input into the

system, as shown in Table 4-6. The possible processes are summarized in
Figure 5-2, and are discussed below. The solid arrows indicate the known
dissociation energies, while the dashed arrows represent the absorption of an
ATF laser photon (6.42 eV). The hashed area represents the many-line
spectrum of the singlet methylene radical, which contains several broad
bands. There are three possible reaction pathways shown in the figure for
the dissociation process. The first possibility, labeled A, is the stepwise
absorption of three photons, with the intermediates being Zn, CHs, (CHy)*,
and CH*. The second possible reaction pathway, (B) is similar to the first
except that excited (as opposed to ground state) methyl radicals are among
the intermediates. The last pathway (C), involves the creation of Zn + CHj,
and then the simultaneous absorption of two photons, thus bypassing the
creation of the (CH,)* intermediate.

An ArF photon contains 6.42 eV of energy, and if the dissociation
process proceeds one photon at a time, the first photon would be needed to
create Zn atoms and CH; radicals. That leaves an excess of ~2.59 eV from
the first photon that would need to be distributed into the photoproducts.
Since we observe the formation of ground state Zn immediately (within 100
ns of the ArF pulse) and we do not detect MMZn, this implies that any
intermediate state of the dissociation (such as MMZn) is short-lived (on the
order of the ArF pulse), as was argued in the last chapter in the three-level
model of the CH* emission. Thus, the possibilities for the excess energy

from the first photon are: (1) ionizing Zn, (2) creating excited state Zn,
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and/or (3) going into the CHj radicals as a combination of rotational,
vibrational, and translational energy.

In order to ionize Zn, 9.39 eV (1320A; 75,735 cm-1) is required.
Since the photoionization cross section for Zn is appreciable only from
1150A < A < 1320A 8, the only way Zn can ionize is to have resonance
absorption of the ArF photon. The lowest energetic levels of Zn II are at
6.12 eV (2026A; 49,354 cm1) and/or 6.01 eV (20634; 48,481 cm-1). We
did not observe any transitions in this region. If the excess energy of the
first photon went into exciting Zn, the lowest energy level is the 4p (3Py)
state at 4 .00 eV (32,311 cm-1). The excess energy of ~2.59 eV (20, 890 cm-
1) is not enough to excite Zn to a higher energy level, as is shown
schematically in Figure 5-2.

This implies the energy must go into the CHj radical. The amount of
energy acquired by the methyl radicals upon photodissociation from DMCd
and DMZn has been explored by several groups 858, It is found that the v,
(out-of-plane bend) mode at 606.4 cm™1(0.75 eV) and v; (anti-symmetric
stretch) mode at 3162 cm-1(0.39 eV) are populated. The translational
energy of the CHj radicals is found to be only a fraction (0.56 eV) of the
excess energy in the 193 nm dissociation of DMCd #. This accounts for
~1.70 eV of the ~2.59 eV remaining from the first ArF photon. This means
that ~0.89 eV of energy needs to go into another mode, or might go into
further translational energy of the methyl radical. The vq (symmetric
stretch) at ~3000 cm-! (0.38 eV) of the CHj radical has been observed in
ArF photodissociation of CH;3I #, so this may account for some of the excess

energy, although it has not been detected so far in the studies on DMZn.
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The amount of energy required to make CH™ from CHj radicals is
12.07 eV. Parkes % studied the absorption cross section for methyl radicals
and found the absorption continuum extends to 210 nm, and it may continue

to shorter wavelengths. A process that could take place involves the

simultaneous absorption of two photons by the CHj; radical. For two ArF
photons (12.84 V), there is enough energy to create CH* from CH;, with
0.77 eV in excess. However, the ionization energy of CHj is 9.84 eV, so the
simultaneous absorption of two photons would favor ionization of CHj3
rather than dissociation. The issue of absorption of 193 nm radiation by
methyl radicals is discussed by Ye 9!, and they propose that CHj; dissociates
into CH,*, which then absorbs another ArF photon to make CH*. If one
ArF photon creates CH, from ground state CHj, this leaves ~1.52 eV of
energy to be distributed into the photoproducts, which may excite one of the
various CH, bands 54. The dissociation of methyl radicals would seem to
favor creation of an excited state methylene radical (CHZ)*, which then
would absorb another ArF photon to create CH?, leaving excess energy for
vibrational-rotational-translational modes to be excited. As analyzed by the
three-level model in the last chapter, the creation of excited CH radicals
would seem to favor an intermediate species that have a lifetime shorter than
or comparable to that of the ArF pulse.

There is a possibility of other species that remain undetected. In
reference to the contamination of ZnSe films from highly excited species,
one interesting process would be the formation of C atoms from the further
photodissociation of CH. However, the dissociation energy for this is
process is around 3.5 eV 8, so the formation of C is unlikely unless another

ArF photon is absorbed by CH. Also, it has been shown that C-H scission is
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selective, and is broken by radiation of wavelengths 140 nm <A < 170 nm 2
In other high energy density systems, however, C has been detected. In the
193 nm dissociation of P(CH3);, C emission was weak, but was detected at
248 nm 38. However, the C-P bond in P(CH3); is much weaker than the C-
7n bond in DMZn. This is evidenced by the detection of P emission at 253
nm 38, as excess energy from the ArF laser also goes into exciting the P
atom. Therefore, while it has been observed in other high energy density
systems, it can be argued that C formation in the focused 193 nm
dissociation of DMZn is not likely to take place with significant
concentrations.

In this chapter, the photodissociation of DMZn has been argued to be
a three-photon process, with the detected photoproducts being Zn, CH3, and
CH*. There is an assumption of intermediate, short-lived molecules such as
CH3Zn and (CH,)*. Zn is transported to the surface in its ground state, and
there is no detectable ZnH or MMZn formation. The CH3 radicals are likely
to be greatly reduced in concentration once they reach the growth surface,

therefore are not a serious concern for contamination.
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Conclusions

The work summarized in this thesis demonstrated a tabletop, UV-
VUV absorption experiment which is versatile and inexpensive. Although
this system is constructed separate from the growth chamber, the system
could be easily integrated into an in-situ growth monitoring technique.
Hebner 9 proposed a similar in-situ monitoring system for the broadband
absorption profile of the metalorganics. However, the system we have
demonstrated in this work can detect concentrations of the photoproducts,
thus allowing direct monitoring of deposition concentrations during growth.

We have detected both Zn atoms and CHj radicals in absorption and
quantified their concentrations. The excited radical CH™ was also detected,
but it was argued that it is present in small quantities. The input energy of
the system can be accounted for with a three photon process, meaning that
the CH* is most likely the only excited long-lived radical being formed. The
Zn is formed in its ground state and remains unreactive for at least several
milliseconds. The calculated concentration of Zn is within a factor of two of
the original DMZn concentration. As the detected Zn concentration does not
change, any intermediate compounds that would scavenge Zn are assumed to
be negligible. The methyl radicals combine to form ethane and are
transported away from the dissociation region. This means that the methyl
radicals are being removed from the growth area, and are thus not being
incorporated into the ZnSe films. Thus the immediate removal of methyl
radicals from the DMZn molecule is beneficial, as the radicals are allowed to

recombine in a time frame short enough so that once they reach the growth
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surface, they are likely to be of little consequence to the films. The CH
radicals relax to their ground state within 300 ns and are assumed to react
with H, to form CH;. The formation of methyl radicals from CH is
dependent on an excess of Hy. Growth systems that use inert gases (such as
He) to transport the metalorganics would expect ethylene as a major
byproduct of the reaction of CH + CH (see Braun 83). Due to the expected
low efficiency of the process to make CH™ and its reactive efficiency with
hydrogen, it is assumed that these radicals do not affect the films. Thus the
use of a high energy density system (focused ArF) in the dissociation of
DMZn does not seem to be detrimental to the growth process.
Recommendations

Although the work is performed at room temperature, it would be
interesting explore the effect of higher temperatures on the photodissociation
process. The results at growth temperatures can be inferred from the relative
ratios of the reaction rates. As is seen in Table 4-1, the ratio of the rates at
room temperature of k(IIL /I) = 4 x10°, whereas at growth temperature k(III /
I) = 6 x10*. This implies that Reaction IIl would still dominate the
chemistry even at elevated temperatures.

Other groups have performed extensive work with LIF (laser induced
fluorescence) to identify photoproducts, and this current system can be re-
configured to accommodate this technique. The results of LIF would be
more qualitative than quantitative, so it is not clear whether spending the
extra time and effort to use this technique would be of great benefit.

The gas dynamics of the reactor need further study. The time frame of
the diffusion times to the surface and the flow velocity of the metalorganics

should be optimized to reduce the methyl radical concentrations (from
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undissociated DMZn) even further. The growth chamber is also equipped to
allow integration of a mass spectrometer, and this should lend further insight
into some of the chemistry of the growth process, although the results of
these studies can be ambiguous.

The other source gases, NH; and DESe, need to be studied to
determine how they react when photodissociated, as separate gases and as a
complete system of DMZn + DESe + NH3 + Hy. It is believed the ammonia
breaks into NH, and is transported to the surface, but with this system, the
high energy densities may be causing further dissociations. The
incorporation of the Nd:YAG laser in the growth process would provide an
interesting study as to whether the creation of a plasma within the growth
cell helps the formation of free N atoms (as the p-type dopant).

As is evident, the fundamental chemistry of this growth process needs
to be studied in much greater detail in order to grasp the important processes
that are affecting the ZnSe films. Techniques such as the one developed in
this thesis should be of substantial help in modeling the growth system so as
to unravel some of the mysteries behind the growth of ZnSe by LAMOCVD.
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Appendix A: DMZn Specifications

Zxctusive Sales Agent

Akzo Chemicais Inc.
300 Soutn Riverside Plaza
TEXAS ALKYLS, INC. Chicago, Hlinois 60606
{800) 828-7929

Semiconductor Grade Metalorganic
Analysis Report

DIMETHYLZINC

Lot Number 6EZ109
Analytical Code Number DMZ-8718

Metallic Composition?

Detection Concentration
Limits Found
Metal (ug/g) (ug/g)
Al 0.1 N.D.€
Cd 0.1 N.D.C
Cu 0.05 N.D.¢
Fe 0.05 N.D.¢
Ge 0.1 N.D.C
Mg 0.03 N.D.C
Na 0.1 N.D.C
Ni 0.05 N.D.¢
Pb 0.10 N.D.c
Si 0.2 5.0
Total Trace Metals: 5.0
Zincb: 99.99950 %

a2 Determined by inductively coupled plasma emission
spectroscopy.

b pDetermined by difference.

¢ Not detected at limit of sensitivity.
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Wavelength Wavenumbers Alom/Molecule Transition Prob. (gA) O.S. (g!) Relerence
11091 90163 it 4(1S){0)-4(1P)(1) ? 0.305 CRC 1982
2025.51 49354 Znll 4(25){0.5)-4(2P)(1.5) 21 1.3 NBS 1962
2025.5 6.6 CRC 1982
2061.91 48481 n il 4(2S5)(0.5)-4(2P)(0.5) 9.2 5.8 NBS 1962
2064.2 48445 Znil 4(25)(0.5)-4(2D)(1.5) 9.2 CRC 1982
2099.9 47621 n 4(25)(0.5)-4(2D)(2.5) 8.4 CRC 1982
2102.2 47569 Zn 4(2P}(1.5)-4(20)(1.5) 0.93 CRC 1982
2138.56 46745 Zn| 4(1SH0)-4(1PY(1) 19 1.3 NBS 1962
2138.6 21.27 CRC 1982
2671 37439 Zn(CH3) Be-X Young {'73)
2739 36510 Zn{CH3) B X Young ('73)
2756.45 J2268 Znl 4(3P)(0)-5(30)(1) 0.69 0.079 NBS 1962
2770.86 36080 Zn| 4(3P)(1)-S(30)(2) 1.2 0.14 NBS 1962
2800.87 35693 Znl 4(3P)(2)-5(3d)(3) 1.8 0.21 NBS 1962
3072.06 35542 Zn| 4(3P)(2)-6(2S)(1) 2 0.29 NBS 1962
3075.9 32502 nl| 4(1S)(1)-4(3PK(1) 0.013 0.0018 NBS 1962
3075.9 0.00099 CRC 1982
3282.33 30458 Zni 4(3P)(0)- 4(3D)(1) 4 0 64 NBS 1962
32823 2.7 CRC 1982
3302.58 30271 2n| 4(3P)(1)-4(30D)(2) 18 2.9 NBS 1962
3302.6 2 CRC 1982
3302.94 30268 ! 4(3P){1)-4(30)(1) 5.6 0.91 NBS 1962
3302.9 0.67 CRC 1982
3345.02 29887 n| 4(3P)(2)-4{3D)(3) 28 4.7 NBS 1962
3345 2.38 CRC 1982
3345.57 29882 2ni 4(3P){2)-4(3D)(2) 6.1 1 NBS 1962
3345.6 0.4 CRC 1982
3345.93 29879 Znl 4{3P){2)-4(3D)(1) 1.2 0.2 NBS 1962
3345.9 0.027 CRC 1982
4126.3 24235 2n(CHJ) A<-X Young (73)
4127.6 24227 Zn(CHD) A< X Young (73)
4127.6 24227 Zn{CH3) Ac-X Yu ('86)
4173.3 23962 Zn(CHI) Ace X Jackson ("90)
41743 23956 Zn(CHJ) Ac-X Young (773)
4175.6 23949 Zr{CHI) Ac-X Young (73)
4175.6 23949 Zn({CHY) Ac- X Yu ('86)
4630 IrH Bender 1930
4656 ZnH 8ender 1930
4680.14 21361 it 4(3P){0)-5{(3S)(1) 58 1.9 NBS 1962
4722.16 21171 2| 4(3P)(1)-5(3S)(1) 15 4.9 NBS 1962
4720 ZnH Bender 1920
4746 ZnH Bender 1930
4810.53 20782 inl 4(3P)(2)-5(3S)(1) 21 7.2 NBS 1962
4911.6 20360 Znil 4(20)(1.5)-4(2F)(2.5) 2.4 CRC 1982
6362.35 15713 Zni 4(1P)(1)-4(10){1) 4.5 2.8 NBS 1962

6362.3 0.79 CRC 1982
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Appendix B: Computer Programs

Bl. Code to determine the density of molecule in the absorption cell

et

PEINT * *: 2EINT % *; DRINT " T DOIWT " "

SRINT " Calculaticn of the Parwial Pressuce acd Nuocer of Molecules of CMZaf
PRINT * °

PRINT * Sy

BRINT "

PRINT * soseoh Zllas”®

FCR T = 1 TO 30000
NEXT

10

GBUB = O: QBYP = 0: QPUR = 0: PABC = J: 31 w03 22 % 0: 3 =0

QUMZ = GTCY = 0: PDMZ = O: NDMZ = O: NTOT = 0

TEMP = 300

s

PRINT " ": PRINT " *: PRINT * ":

PRINT * cefaul: tamperature cf Ite DMZa bucbler is -5 C = 253 X7
PRINT * °

PRINT * I:-put the rame of tle experizent”; : INPUT NAMES

PRINT R

PRINT " Tnput the setting of tNe BUBBLZR Mass Flcw Contraller”; : INPUT QL

QBUR = Q1 = 20

PRINT "

PRINT ~*

PRINT " Iaput the setting of the 2YPASS Mass Flow Controller™; : INPUT Q2
QBYP = Q2 * 200

PRINT "*
PRINT *°°
PRINT * Input the setting of the PURGE Mass Flow Coatsoller®; : INPUT QI

QPUR = Q3 * 200

PRINT *"
PRINT ""
PRINT * Input the pressure ia Che apsorprion cell ia torr °; : INPUT PABC
PRINT *°

cs

QOMZ = Q8UB * (95.7) / (760 - 95.7)
Q0T = GBYP - QBUB « QOMZ « QPUR
PO = QOMZ * PABC / QTOT

NDMZ = 9.651E+16 * POMZ / TEMP
NTOT = 9.661E+18 * PABC / TEMP

PRINT "

PRINT ° These setticgs wers entered for experimeatal recsrd ®; : PRINT NAMES
PRINT "*

PRINT " The setting oa the BUBBLER MFC was :  "; : PRINT Ql; : PRINT * or
*; : PRINT QBUB; “scca’

PRINT "~

PRINT ° The setting on the BYPASS MFC was : "; : PRINT Q2; : PRINT " or

*; : PRINT CBYP; "“scca”
PRINT ~°
PRINT * The setting on tle PURGE MFC was H : 3 PRINT QJ; : PRINT " or

®; : PRINT GQPUR; “sccm”

PRINT * The pressure in Cie absorption call was :  “; : PRINT PABC; : PRINT "=
PRINT "°

PRINT * The tatal flow rate was t "y : PRINT QTCT; : PRINT "sc

: PRINT POMZ; : PRINT "o

PRINT “": PRINT *
PRINT " The PARTTAL pressure of OMZa :s

PRINT “": PRINT "
PRINT * Tie TOTAL number of dalecnles :is ¢ %7 : PRINT NTOT; : PRINT "cm

PRINT “": PRINT °°

P!]lfx‘l' * Toe number cf Iwolecules of OMZa s :  "; : PRINT NDMZ; : PRINT "za
PRINT ~*

PRINT " Run again (y/n) °; : INPUT AGAINS

IF AGAINS = *Y" OR AGAINS = "y THEN 1J
ZND
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B2. Code to simulate saturation effects in a three level molecular system

y population of levels

4 inizializing variables

clear

cl=0; c=0;

totl=0: tot2=0: tot3=0;
avsiopel=90: avslope2=0; avslope3=0:

y nl is the population of the first level - DMIn
% n2 is the population of the second level - CH3*
% n3 is the populaticn of the third level - CH*
nl=lel5:

n2=0:

n3=Q:

ancx’s constant
e irequency of the Ar? laser beam

11}

% input upper state lifetimes

3 =l=inpuc(’ time constant for level 1 (in usecs) ?7}):
<1=1000:

taul=cle*le=-5;

t2=1nput{’ time constant for level 2 (in usecs) ?7);
cau2=t2*le-5;

t=3=inpuct (' time constant for level 3 (in usecs) ?):
tau3=ti*le~-5;

% input czoss sections for species

sgl=input (’ cross section for level 1 (in A*2) )
s1=0.15;

sigmal2=si*le-i6;

s2=1nput (’ Cross section for level 2 (in A~} ?'):
sigma23=s2*le-16:

% t is the time of the excitation pulse
% e is the Arf energy density
y phflux is the intensity / energy per photeon

$
§ intensity loop in mJ/cm2
3

for e=1:100
phflux=(e/1000} / (h*f*2e-8):

cl=cl+l:

3 initialize the levels again
nl=lels;

n2=0;

n3=0;

y integrate over the pulse time of the AxF
for pulse = 0:0.25:20
cwcel:

dnldt= -siqmalZ'(nl)'phtlux :
dn2dt= siqmalZ'(nl)'phtlux-sxgmAZJ'(nZ)'phtlux-(nthauZ):
dn3dt= sigma23+(n2)*pnflux -(n3/taud);

3§ integrate over the delta t step

nl= nl + dnldt*0.25e-9;
1f nl<=0;
nl=0;
end
n2= n2 + dn2dc*0.25e-9;
if n2<=0:
n2=0;

end
~3= n3 + dnidt*0.25e-9:
1% n3<=0;
n3=0;
end



1l{cy=nl:
L2(c)y=n2;
»3(c)=n3;

end
3 end of pulse time loop

tw(0:0.25:20);
splot (t,11)
jrause
yplot(t,12)
spause

plot(t, 13}
spause

c=0:

3 populations for each energy step
popl(cl)=nl:
sop2(cl)=n2:
pop3(cl)=n3:

peakB(cl)-mAx(lS):

% log of intensities fox each energy
18 nlewQ;

intl(cl)=0;
alse

in:l(cl)-loq(nl/caul)/2.303;
end
LE n2=m;

int2(cl)=9;

else -
intZ(cl)-loq(nZ/tauZ)/2.303:
end
if n3==0;
int3(cl)=0;
else
incJ(cl)-loq(n3/:au3)/2.303;
end

% log of photon flux, energy density
£lux(cl) =log(phflux)/2.303:

% calculate the slope for the first

if el>l, e<S50:
slopel(cl-l)-(incl(cl)-incl(

end

if cl>l, e<50:
slopez(cl—l)-(intZ(cl)-intZ(

end

if ecl1>1, e<S0:

slopeJ(cl-l)-(intJ(cl)-incJ(cl-l)) / {flux(cl)-flux(cl-1)):

end

end
% end of energy density loop

4 average the first 5 slopes

for a=1:5
totl=totl+slopel(al;
cor2=tot2+slope2(a):
toti=toti+sloped(a);

end
avslopel=totl/S:
avslope2=tot2/S:
avslopel=tot3/5;

3 log graphs of populations in levels (1,

en=(1:100);

tloglog (en, popl)

stitle([’initial slope levell is. ‘,num2sc: (avsiopel)))

Svause
yloglog (en, pop2)

jtitle( [’ initial slope level2 is ‘,num2stx(avslopel)])

%pause

loglog(en, peak3)
axis({l 100 lell lel6)):

title(’Population of Level #3 vs. Ene

«lapel ( [/ Energy Density (mJ/cm2)’])
ylabel({’Population (ecm-3111)

texc(.70,.90, (‘Initial slope is ’,num25tr(avslope3)],'sc’)

S0 points

cl-1))

cl-1))

-ext (.05, .90, Lifecimes (secs): r,'sc’)

cext (.05, .85,('t2 = ¢, num2scr (tau2)
cexc (.05, .80,('t3 = ¢, num2str (taud)
cext (.35, .90, Cross Sections (A"2)

},/s¢c’)
},./se’)

1f,08c’)
cext (.39, .85, (’sigmal2 = ¢, num2str{sigmal2)],’sc’)
text (.35, .80, ("sigma23 = ¢+, pum2str (sigma23) ], sc’)

/ (flux(cl)-flux(ci-1}):

/ (flux(cl)-flux(cl-1}):

2, 3) vs. energy density

rgy Density’)
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B3. Code to determine the diffusion of the photoproducts to the substrate

% Calculat:.rg the diffusion rate for
different values of temperature,
% mean free path, and density of #2, Zn, and CH3

% initialize variables

clear

=0; -~
nzrime=0;

Toll=irput ('What is molecule #1 ?','s'):
$mol2=irput ('What is molecule 42 2','s');
mol2="H2';

temp=irzut ("What is the temperature K] 2"
Scerp=673;

ozessl=*mut(["~hat is the pressure [tcrr] of the v,moll,t 2')):
%or.essl—l
nl=9. 66e18*v:essl/tem,

di=input (('What is the diameter (A] of the ',moll,’ 2'N;
%dl=3.8;
dl=dl*le-8;

ml=input (['What is the mass {amu] of the ',moll,' ?'D);
Lni=15;
vthl=157.9*sart (temp/ml) *100;

press2=input ({ 'What is the pressure {terr] of the ',mol2,’ ?2'1);
$press2=100;
n2=9. 66el8*press2/tem;

@2=input {{'What is the diamecer (A} of the ',molZ,’ 2'1):
¥d2=0.74;
R=d2*1le-5;

m2=input (['What is the mass (amu] of the *',mol2,' ?2'1);
m2=2;
vth2=157.9*sqrt (temp/m2) *100;

w=input ('wWhat is the gaussian spot size (cn} of the Arf ?');
$w=1.25;

Spot=w;

wO=w;

grﬁt=irp.xt('ﬁow long do you want to look [ms] 2?);
celtat=input ('What is step size of t [ms}] 2');
deltaz=irput ("What is step size of z [am] ?');

% estimation of mean free path assuming ml>>m2
tmpl=0.7071 / ( (dl*le-8)"2 * nl * pi );
mfp2=0.7071 / ( (d2*1e-8)*2 * n2 * pi );

% camplete expression of mean free pach in mixture of two cases
mipl=(1.414*pi*nl*dl"2 + sarT (1+ (ml/m2) ) *pi*n2* (dl/2 < c2/2)*2) ~(-1);
mfp2=(1.414%pi*n2*d2°2 + sqrt (1+(m2/ml)) "pirnl* (dl/2 + d2/2)"2)~(-1);

% distance z in cm from the center of the Gaussian
z=(0.01:celtaz:0.5);



ans=irpuc ({'Dees the

if ans=='y'
nrecano={(nl/ (n1*8.8e-14*1 + 1));

n=(nrecam/w) *w0 * exp(-{(z/w)."2);

else

n=(nl

erd

Jw)*w0 = exp (—(z/w) .”2):

', moll, " decay as seccnd orcer Iuncticn ?2'1,'s'Y;

% plot initial Gaussian distributicn of molecules
plot(z,n)
pause

nz=n;
ae=0;

%

% Time locp in ms

E
for

time=0.l:deltat:endt

cne=mnt+l;

4 diffusion coefficient in (cn2 / ms]

d12=(nz*mfp2*vth2 + n2*mfpl*vehl) / (3 ~ (nz+n2) *le3 );

% Camplete expression of the diffusion equation

$andz2=2* (2*z."2-w"2)/ (w*4)

$dndt=dl2*dndz2;
$nz=nz + chdt*deltat;

.*nz;

¥ Pecarbinacion of methyl radicals follews second order decay

% 2*k*le-3 = 8.8e-i4, where k=4.4 e-11

if

ans-='y'

nrecam=(nl/ (nl*8.8e-14*time + 1));
nz=(nrecaro*wl) /w * exp(=(z/w)."2);

else

nz=(nl *W0) /W * exp(~(2/w) ."2);

e

{molecules) -i{cm) 3 (sec) -1

% Gaussian parameter which is the l/e roint of the distribution
w=W + Celtat*2*dl2/w;

$nz at t = 100 us

if cncrdeltar=0.1
nztime=nz;

end

$nz at £=300 us

if (cntcdeltat)==0.4
nztime={nztime;nz);

end

%nz at t=lms

if (cncrdeltat)==0.9
nztime={nztime;nz);

end

¥nz at t=5ms

if (cat*celtat)=4.9
nztime=(nztime;nzj;

end
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%nz at t=10ms

if (ent*deltat)=9.9
nztime=(nztime;nz];

end

% End of the time loop
ed

% Plottting of N(z)} for discrete times in one grach
% Semilog plot of concentration

semilogy( z, nztime )

title({'Cencentration of ',moll,' vs. Distance (up to ', num2str(encs), ' ms) '])

xlabel ('Distance (cm) ')
ylabel ('Concentration. (an-3) ')

texc(.12,.85,'ML =', 'sc')
text (.20, .85, num2str(ml), 'sc')
text (.13,.80,'M2 =','sc")
text (.2C, .80, num2str(m2), *sc’)

texc (.29, .85, 'Pl =', 'sc')
text (.36, .85, um2str (pressl), 'sc')
text (.29, .80, 'P2 =', 'sc')
text (.36, .80, num2str (press2), 'sc')

text (.45, .85, 'temo =', 'sc')

text (.54, .85, num2str (tem), 'sc’)
text (.45, .80, 'spot size =','sc')
text (.38, .80, num2str(spoc), 'sc')

text (.65, .85, 'molecule #1 is ', 'sc')
texc (.82, .85,moll, 'sc')

text (.65, .80, 'molecule #2 is ', *sc')
text (.82, .80,m0l2, 'sc'}

pause
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