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Raman Scattering from Trimethylaluminum (TMA) : Free and Adsorbed

Molecules on GaAs(100)

H. Sano, J. Sakai, G. Mizutani *, and S. Ushioda

Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, Aoba-ku,

Sendai 980, Japan

We have measured the Raman scattering from an adsorbed layer of trimethylaluminum (TMA) on
GaAs(100) as a function of coverage down to 17 monolayers. The absolute scattering cross-section of the
CH3-symmetric stretching mode of TMA was found to be 8.0 x 1072° ¢m? /dimer sr line. The correspond-
ing cross-section in the gaseous state is 2.6 x 1072° cm?/dimer sr line. The observed enhancement of the
cross-section in the multilayer is due to the effect of the molecular field. The scattering cross-section of
the CHg-symmetric stretching mode of gaseous trimethylgallium (TMG) is 1.3 x 1072° c¢m? /molecule st
line. Based on these data on the absolute Raman cross-sections, we expect that the monolayer of these
molecules on GaAs would be extremely difficult to observe by Raman scattering in a crystal growing

environment.

1. INTRODUCTION

Trimethylaluminum (TMA) and trimethylgal-
lium (TMG) are important source molecules used
in the growth of GaAs and AlAs crystals by met-
alorganic chemical vapor deposition (MOCVD).
Although both the standard CVD and atomic
layer epitaxy (ALE) methods are often used in
growing GaAs and AlAs using these gases, the
details of the atomic reaction. processes involved
in the growth mechanism are not well under-
stood. If one can observe the vibrational spec-
tra of these molecules when they are adsorbed
on a growing surface of GaAs or AlAs crystals,
one can investigate the atomic and molecular dy-
namics of crystal growth in situ. To make such
studies possible, the Raman signal from surface
adsorbed molecules must be sufficiently large for
the observation of a monolayer. With this appli-
cation of Raman spectroscopy in mind, we have
been investigating the absolute Raman scatter-
ing cross-sections of TMA and TMG both in
the free gaseous state and the adsorbed state on
GaAs(100).

In our previous work we determined the abso-
lute Raman cross-sections of TMA and TMG in
the gaseous state [1]. In the present work we

have determined the absolute cross-section of a
multilayer of TMA molecules adsorbed on the
GaAs (100) surface.

2. EXPERIMENT

The substrate was a Si doped n-type GaAs
single crystal with a carrier concentration of
1.9 x 10*® cm™3. Its mirror-like (100) surface was
cleaned initially in air by the following procedure.
The first step of cleaning was done by methanol
and acetone, and then it was etched in a mixture
of H,SO,4 : H5045 : H,0 (5 - l) at 60°C
for 60s. After removing the etching solution by
rinsing with purified water, the substrate was im-
mersed in a solution of (NH4)2S; with z > 1. By
this procedure a thin oxide layer on the GaAs sur-
face is removed and a layer of sulfur is deposited
[2]. The sulfur layer protects the surface against
oxidation in air.

After placing the GaAs substrate in an ultra-
high vacuum (UHV) chamber with a base pres-
sure of 3 x 10710 torr, the sample was heated
to remove the sulfur layer. The Auger spectrum
of the cleaned surface indicates that the residual
oxygen is below the detection limit and that
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carbon and sulfur are barely detectable. This
level of carbon and sulfur does not affect the
present experiment. The subsequent adsorption
of TMA and Raman scattering measurements
were done in this UHV environment.

The TMA molecules were adsorbed on the
GaAs surface by cooling the substrate below 158
K and back-filling the chamber with the vapor of
TMA at a pressure of 1 — 4 x 107% torr. Cooling
of the substrate was necessitated by the fact that
no more than a single monolayer of TMA adsorb
on the GaAs surface at room temperature. The
film thickness of TMA was calibrated in situ si-
multaneously with the Raman measurement by
measuring the reflectivity of the film as a func-
tion of the exposure and by fitting the data with
a theoretical curve. The theoretical curve was cal-
culated for a three-layered structure that consists
of GaAs, TMA film, and vacuum [3]. It was cal-
culated for the s-polarized incident light at 488.0
nm with the incident angle of 24°. Then the fit-
ting parameters are the film thickness ¢ and the
dielectric constant of the film .

We needed to determine the film thickness by
this reflectivity method rather than by simply cal-
ibrating the thickness against exposure, because
the proportionality factor between the film thick-
ness and exposure could not be determined con-
sistently for different runs. In connection with
this problem, we were surprised by the extraordi-
narily high level of exposure required to deposit
a sufficient number of TMA molecules to be de-
tected by Raman scattering. (See the exposure
scale in Fig. 2.) To see what molecules are actu-
ally present in the chamber when the TMA gas is
leaked into it, we analyzed the gas in the cham-
ber with a quadrupole mass analyzer. The result
shows that immediately after the TMA container
is initially opened to the chamber much of the
gas that exists in the chamber consists of CHjz
and CH4. Evidently a large fraction of the TMA
molecules decomposes as they strike the walls of
the chamber. Thus the partial pressure of TMA
is only a small fraction of the total pressure read
by the ion gauge. This fact explains why an un-
usually large amount of apparent exposure is re-
quired before the Raman signal from TMA be-

" comes detectable. We found the thickness deter-

mined from the reflectivity is reliable and repro-
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Figure 1. Experimental setup for Raman scat-
tering from an adsorbed layer in UHV. ND: neu-
tral density filter; SF: spike filter; A/2: half wave
plate; P: polarizer; CL: cylindrical lens; L: lens;
M: mirror; W: power meter; PMT: photomulti-
plier.

ducible.

The Raman measurements were performed by
the experimental setup illustrated in Fig. 1. The
incident light was the 488.0 nm line of an argon
ion laser at a power level of 50 mW. The inci-
dent angle was 24° from the surface normal and
the polarization was perpendicular to the plane
of incidence (s-polarized). The scattered light
was collected in the direction of the surface nor-
mal without a polarization analyzer. A blackened
cone was placed in front of the collection optics to
reject diffuse scattered light from the sample sur-
face and the window. The solid angle of collection

‘was AQ = 2.84 x 10~2 gr.

The spectrometer was a double grating
Czerny-Turner type (Jobin-Yvon, U-1000), and
the photomultiplier was a blue sensitive tube
(Hamamatsu Photonics, R649) with a very low
dark count rate. The absolute sensitivity of this
spectrometer system was calibrated earlier as a
function of wavelength and polarization by using
a standard halogen lamp [4]. Thus the photon
counting rate can be directly converted to abso-
lute intensity.

The absolute Raman intensity measurement
for the cross-section determination was done for
the symmetric stretching mode of the methyl
group whose frequency is ~2900 cm™!. From the
entire spectrum of the adsorbed TMA layers, we



confirmed that the adsorbed layers consist of the
dimers of this molecule [1].

We also carried out a Raman experiment to
determine the lower limit of the number of ad-
sorbed layers that can be detected by our spec-
trometer system. For this measurement the excit-
ing beam was p-polarized and incident along the
direction 60° from the surface normal. The inci-
dent power was limited to 160 mW to avoid des-
orption of TMA by heating. The scattered light
with p-polarization was collected in the direction
60° from the surface normal. This scattering con-
figuration was theoretically found to be optimum
for film thicknesses below 300 A, because the elec-
tric field in the TMA layer becomes maximum [5].

3. RESULTS

Fig. 2 shows the dependence of the Raman
intensity of the 2900 cm™! line of TMA and the
reflectivity of the film both as a function of expo-
sure. (As we have noted earlier, the exposure de-
termined from the total pressure measurement is
much greater than the actual exposure of TMA.)
The reflectivity is shown in the upper panel where
the open circles are the data points and the solid
curve is the theoretical fit. The oscillation in the
reflectivity is caused by the interference effect in
the film. The dielectric constant of GaAs was
taken to be €(488.0nm) = 20 + 3.9 [6]. By fit-
ting the data with the theoretical curve, we deter-
mined the film thickness that corresponds to the
exposure and the dielectric constant of the film
(e = 2.4). The thickness calibration is shown at
the top of the upper panel.

The Raman intensity as a function of cover-
age is plotted by open circles in the lower panel.
The solid curve is a theoretical fit. We will dis-
cuss the method and the parameters used in cal-
culating this curve in the next section. We note
that the Raman intensity does not increase mono-
tonicly with increasing exposure; there is a local
minimum around 1700 A. This minimum corre-
sponds to the local maximum of the reflectivity.
The Raman intensity decreases here, because the
penetration of the incident light into the TMA
layer has a local minimum at this thickness.

Fig. 3 shows the Raman spectra for the low
end of the coverage for which the signal could be
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Figure 2: Reflectivity and Raman intensity of a
multilayer of TMA on GaAs(100) as a function
of exposure and layer thickness. The open circles
are the data points and the solid curves are the
theoretical calculations. See the text about the
unusually high exposure.

observed. The Raman peak at 2890 cm™! could
be observed above the exposure of 650 L. The
peak intensity at this exposure was ~4 cps and
the integrated intensity was ~6 cps. Assuming
that the thickness calibration for this separate
run is approximately the same as for the result
shown in Fig. 2, the thickness that corresponds
to 650 L is 65-110 A or 12-21 monolayers. This
is the first time that the Raman spectra of ad-
sorbed TMA was observed. There are examples
of infrared observation of TMA on GaAs [7,8].

4. DISCUSSION

4.1. Absolute Raman cross-section of ad-
sorbed TMA

We first describe the theoretical method by
which the fitting of the Raman and reflectivity
data in Fig. 2 was done and how the absolute
Raman scattering cross-section was obtained by
the fitting procedure. The Raman scattering in-
tensity from an adsorbed layer on a substrate is
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Figure 3: Raman spectra of multilayers of TMA
on GaAs for different exposures. The spectra
show only the relevant portion for the symmet-
ric stretching mode of the methyl group.

given by:

do

Noba(t) = (E)ad Nt 'Y(t) Ps (t) AQ Tsys (1)

where (do/dS2)qq is the absolute Raman scatter-
ing cross-section of the adsorbate in the unit of
cm?/dimer sr line. This is the parameter to be
determined by fitting the data of Fig. 2. Np is
the number of incident photons per second, which
is 1.2 x 10'7 photons/s (488.0 nm, 50 mW) in the
present experiment.

v(t) is the factor that accounts for the effect
of the substrate on the incident and scattered
electric fields. This factor is calculated by us-
ing the electromagnetic Green’s function for the
three layered structure that consists of GaAs,
TMA film, and vacuum above. The calculation
method has been described previously by us [5].
For this calculation we used the dielectric con-
stants of the media, ¢(Gads, X)) = 20 + 3.9,
e(Gads,Ase) = 16+ 1421, and ¢(TMA) = 2.4
The value of y(t) varies with the film thickness ¢.
For example its value is 1.2 at { = 100 nm.

ps(t) is the surface density of the TMA
molecules. This parameter was calculated from
the film thickness t by assuming that the density
is equal to that of the liquid TMA, which is 3.14 x

102! dimers/cm®. Then p,(t) = (3.14x10%}) xt
dimers/cm?. A2 and 7,y are the solid angle
of collection and the efficiency of the spectrom-
eter system, respectively. The system efficiency
is 9.33 x 1072 including the photomultiplier ef-
ficiency at the wavelength of the scattered light
(568.4 nm).

The solid theoretical curve in the lower panel
of Fig. 2 was obtained by Eq. (1). We see that
the fit is excellent and that this theory properly
explains the unusual variation of the scattered in-
tensity as a function of the film thickness. The
single fitting parameter is the absolute Raman
cross-section, namely the scale of the vertical axis.
As a result of this fitting procedure we obtained
the value of the absolute cross-section:

(%)ad = 8.0 x 107* cm?/dimer sr line (2)

To be precise, this cross-section is the compo-
nent parallel to the surface, (doxx/dQ) and
(doyy /dSY) where X and Y are the directions
parallel to the surface. If the TMA molecules
are oriented randomly and the film is isotropic,
(dozz/dS2) also has the same value.

In our previous work [1] we obtained the ab-
solute Raman cross-sections of the gaseous TMA
and TMG. The cross-section for the symmetric
stretching mode of these molecules are:

do

(E)TMA,QGS = 26x 10_29
cm?/dimer sr line (3)
do -
(E)TMG,QGS 1.3 x 10 2
cm?/molecule sr line (4)

By comparing Eq. (2) and (3) we see that the
cross-section for the multilayer film of TMA is 3.1
times greater than that of the TMA gas. We be-
lieve that this difference arises from the difference
between the macroscopic field and the molecular
field. This effect will be discussed in the following
section.

4.2. The effect of the molecular field

The cross-section we have just obtained is
defined with respect to the macroscopic electric



field. However, the electric field that is felt by
the molecule in a film is the molecular field [9].
The field felt by the molecule in a gaseous state is
equal to the macroscopic field, because the neigh-
boring molecules are far apart. Thus when we
compare the cross-sections of the same molecule
in the gaseous state and in a film, we must take
mto account the difference between the macro-
scopic and molecular fields. The molecular field
E,, i1s in general greater than the macroscopic
field. Thus the cross-section for the molecule in a
film will appear to be greater than that in a gas.

The strength of the molecular field depends
on the details of the environment in which the
molecule is placed. The usual way to estimate
it is to assume that the molecule lies in a micro-
scopic cavity of the spherical shape carved out of
the material in which it is placed. Under this ap-
proximation the molecular field is given in terms
of the macroscopic field E by:

E, = M E (5)

3

where ¢ is the dielectric constant of the medium.
If we use the value of the dielectric constant of
the TMA film, ¢ = 2.4 in Eq. (5), we find that
the molecular field i1s 1.47 times the macroscopic
field. Since the Raman intensity is proportional
to the fourth power of this factor, we expect the
enhancement of the Raman intensity due to this
effect to be 4.6 times. This factor is comparable
to the observed factor of 3.1.

The TMA molecule is a planar molecule with
three methyl groups lying in a plane. Thus it
may be more appropriate to consider the molec-
ular field in a cavity with a flat disk shape. Then
the molecular field parallel to the flat faces of the
disk can be calculated:

h(e—1)
B = 0t s ) ©
where d and h are the diameter and the height
of the disk, respectively. If we take the ratio
between d and h to be d/h = 1.9, we can re-
produce the measured enhancement factor of 3.1.
Since the incident light was s-polarized, the elec-
tric field is parallel to the surface. Thus the above
result may be interpreted to imply that the planar
TMA dimers are stacked parallel to the surface.

However, we must be cautious in accepting this
conclusion, because this line of reasoning contains
many assumptions.

The increase in the apparent cross-section as
a molecule goes from the gaseous state to a lig-
uid state has been observed in other examples
[10,11]. In these cases also the effect of the molec-
ular field was considered as the cause of the in-
crease in the scattered intensity. We believe that
it is reasonable to assume that the intrinsic molec-
ular cross-section is unchanged for the adsorbed
TMA relative to the free TMA, because TMA is
physisorbed on GaAs. Thus there is little change
in the molecular orbitals of TMA upon adsorp-
tion.

4.3. Possibility for observing a monolayer
of TMA on GaAs

Based on the absolute cross-sections obtained
above, we estimate the Raman scattering inten-
sity from a monolayer of TMA on GaAs, and
examine the possibility of observing the Raman
spectra in situ in a crystal growing environment.
We use Eq. (1) with appropriate realistic ex-
perimental parameters. For AQ and 7, we
use the same values used in this work, namely
AQ = 28 x 1072 sr and 7,5, = 9.33 X 10-3.
The incident power is assumed to be 500 mW at
488.0 nm which corresponds to Ny = 1.2 x 108
photons/s. According to a published result [12],
there are three distinct adsorption sites for TMG
on GaAs, and the total surface density of the first
monolayer is 3.4x 10** molecules/cm?. This value
is very close to the estimate obtained by taking
the 2/3 power of the density of the liquid TMG.
There are no published data on the surface den-
sity of TMA on GaAs. For this value we will use
the estimate from the liquid TMA density which
is 1.7 x 101 dimers/cm?.

There is some ambiguity in estimating the
value of ¢, because we do not know the dielectric
constant of the monolayer ¢,4. Thus we will take
the two extreme cases ¢,4 = 1 for zero screen-
ing and €,4 = 2.4 for full screening by the ad-
sorbed monolayer. We obtain the maximum and
minimum estimates, corresponding to these val-
ues of €,4. The calculation was carried out for p-
polarized incidence at 60° and the scattering an-



gle of 60° both from the surface normal. The Ra-
man intensities calculated by the above assump-
tions are:

_ 2.8 cps
Novs = { 0.1 cps

for €54 = 1.0
for €qq = 2.4

(7)

The maximum intensity is expected when there
is no screening of the electric fields due to the
adsorbed layer itself| i. e. when ¢34 = 1. Empiri-
cally, the fluctuation in the background intensity
for the incident power of 500 mW is about 1 cps.
Thus the Raman spectrum is observable when the
upper limit of the estimate (2.8 cps) is applica-
ble, but it will be difficult to observe if the lower
limit is taken. Even if a similar molecular field
enhancement factor to the present result (~3.1)
exists, it will require an improvement of the spec-
trometer system efliciency of a factor 4 to observe
the monolayer. However, it is difficult to imag-
e that the molecular field effect is strong for a
monolayer.

5. CONCLUSIONS

We have determined the absolute Raman scat-
tering cross-section of a multilayer of TMA ad-
sorbed on GaAs. It is apparently enhanced rela-
tive to the cross-section of the gaseous TMA. We
believe the enhancement is due to the effect of
the molecular field. The estimate for the Raman
intensity of TMA on GaAs indicates that it is
extremely difficult to observe a monolayer under
realistic conditions in a crystal growing environ-
ment.
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