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Abstract

Deposition of W thin films has been induced by a KrF excimer laser incident perpendicularly on a GaAs substrate placed
in an ambient containing WF;, H, and Ar. In-situ X-Ray Photoelectron Spectroscopy (XPS) shows evidence of a surface
interacticn between W¥; and GaAs under laser iradiation. At 50 mJ /em?, flucrinated W species adsorbed on the GaAs
substrate are partially dissociated by the laser beam, leading to a loss'in stoichiometry and the formation of GaF; on the
surface. The generation of stable, non-volatile, GaF, has been identified as a possible obstacle to the nucleation of metallic
tungsten films on GaAs in CVD processes using WF,. At 67 mJ /cm?, the gas-substrate interaction is further enhanced, but
the dissociation of WE; inte metailic W is achieved. However, at such laser energy densities, the substrate appears to be
damaged. By using H, as a reducing gas for WE, 0.2 um thick W deposits were obtained but the process was difficult to
reproduce. Two competing phenomena, the fluorination of the GaAs surface and the nucleation of the metallic W films
taking place simultaneously explain the difficuity in controiling the process. The Auger profiles show limited, but noticeable,
As incorporation in the films resulting from the interaction between WF, and GaAs under laser irradiation.

1. Introduction

Tungsten is a low resistivity, refractory metal
which has proved to be the most suitable material for
self-aligned gates in the fabrication of GaAs MES-
FETs [1,2]. In such a process, the gate is used as a
mask during ion implantation and must withstand
high temperature annecals without suffering physical
or electrical degradation. Tungsten {3], its silicides
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[4] and its nitrides [5] form Schotiky contacts to
GaAs which are thermally stable up to temperatures
of the order of 850°C, while preserving a sharp
metal /semiconductor interface and a low contact
resistance [6]. Such materials can be deposited using
physical vapor deposition (PVD) techniques such as
e-beam evaporation [7], rf and magnetron sputtering
[8,9]. However, these techniques can induce severe
damage to the fragile GaAs substrate, due to the
energetic electrons and ions present during the pro-
cess. Therefore, the use of chemical vapor deposition
(CVD) to deposit W metallic films seems to be a
more appropriate approach. In most W CVD pro-
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cesses, WF; is the gaseous phase precursor, due to
the high purity and uniformity of the W films which
may be obtained with it [10].

Recently, there has been some interest in develop-
ing CVD-based processes using WF; for W deposi-
tion on GaAs [11-22]. W has been deposited on
GaAs using a gas mixture of WEF, and H, gas
mixture by atmospheric pressure CVD [13] and by
rapid-thermal low-pressure CVD (RT-LPCVD) [18].
Plasma-enhanced CVD has also been used [12,14,19]
successfully to induce W deposition on GaAs from
WF,. However, in these experiments, no W deposi-
tion was reported when the plasma was turned off
[19]. This underlines some difficulties encountered in
nucleating a deposit when using a WEF, based ther-
mally activated CVD process for W deposition on
GaAs [19]. Such nucleation problems were also re-
ported by Lecours et al. [17,23] who used an Art
laser emitting in the visible range to induce W
deposition from WF; on GaAs, and by Van Maaren
et al. [20] who reported that no W deposition on
GaAs from WF; can be realized solely by thermal
CVD. To obtain metallic W film growth, an ArF
excimer laser aligned parallel to the substrate [20] or
a hot filament [21] were used in order to activate the
deposition process in the gas phase (through atomic
hydrogen formation), with the substrate kept at a
temperature below 350°C. Krans [16] deposited W
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on GaAs using an ArF excimer laser incident per-
pendicularly on the substrate. He also reported the
absence of metallic film growth without laser irradia-
tion. He also suggested the existence of a reaction
between WEF, and GaAs at 375°C. Both Van Maaren
and Krans reported the presence of fluorinated inter-
faces between WF; and GaAs.

This brief survey shows some of the discrepancies
between different reports, and suggests that a more
complete understanding of the reaction mechanisms
taking place in WE; based W-CVD processes on
GaAs is necessary. We have therefore developed a
W-CVD system using a KiF excimer laser incident
perpendicularly on the substrate to induce the deposi-
tion of W on GaAs from WF; and we have used
in-situ X-ray photoelectron spectroscopy (XPS) to
investigate the deposition mechanisms and reactions
taking place at the surface of the samples.

2. Experimental

The deposition system is shown schematically in
Fig. 1. It consists of a stainless steel cell and a
turbomolecular pump, yielding a base pressure lower
than 107¢ Torr. The gases used for this work are
WF, the metal precursor gas, H,, as a reducing gas,
and Ar as a carrier gas. During a deposition run,
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Fig. 1. Schematic diagram of the excimer laser—CVD system used for W deposition on GaAs.
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their flows are regulated by flowmeters as the system
is continuously pumped by a mechanical pump. The
slightly focussed beam of a KrF (248 nm) excimer
laser (Lumonics TE-261, 0-5 Hz, 50 mJ per pulse,
(A1), = 8 ns) passes through a quartz window and
is incident perpendicular to the substrate to form an
ellipse (0.8 X 1.0 cm?). The laser energy densities
used ranged from 13 to 81 mJ/cm? An Ar purge
line prevents the formation of a deposit on the
window. Finally, the deposition cell is also con-
nected to a vacuum transfer module by which sam-
ples can be transferred to a VG ESCALAB 3 MKII
X-ray photo-electron spectrometer. In this manner,
the samples can be analyzed before and after deposi-
tion runs, without exposing the samples to air, as
they can be introduced in the deposition cell without
breaking the vacuum in the system.

The samples were 1 cm? squares of semi-insulat-
ing or Si-doped (10" cm™?) liquid encapsulated
Czochralski-grown (100) GaAs. Prior to deposition,
they were first degreased in the hot solvents,
trichloroethane, acetone and propanol, rinsed in DI
water, dipped in a hot 1:1 HCI:H,O solution, rinsed
again in DI water and finally dried in flowing nitro-
gen. An XPS spectrum was then taken before the
deposition run in order to characterize the surface of
each sample. It was then transferred in vacuum
(typically 10~7 Torr) to the deposition cell. The
process gases were then introduced and their flow
and operating pressure stabilized before the laser was
switched on. Irradiation of the samples took place at
a pressure of 10 Torr. Once the run was completed,
the cell was purged with Ar and the sample trans-
ferred under vacuum to the XPS spectrometer.

All XPS spectra were taken using the 1486.6 eV
Al Ka ray of the X-ray source, and the C 1s peak at
—284.6 eV was used as the energy position refer-
ence for all the recorded spectra. The XPS atomic
sensitivity factors used in this work were taken from
the VG Scientific technical manual of the spectrome-
ter: 0.31 for C, 0.72 for O, 0.42 for Ga 3d, 3.1 for
Ga 2p,,,, 0.71 for As 3d, 3.7 for As 2ps 5, 1 for F
1s and 2.75 for W 4f [24]. The surface of GaAs was
studied using the surface sensitive 2p, 2 peaks (hav-
ing an electron escape depth, A <1 nm) and the
more bulk sensitive 3d peaks (A > 2 nm) [25]. The
As/Ga ratio calculated from the XPS spectra of
GaAs after wet chemical cleaning was 0.95 + 0.05

for the 3d peaks and 1.1040.15 for the 2ps,,
peaks. Uncertainties of 5% (3d) and 15% (2p; ,,) are
obtained when comparing one sample to another
using the same cleaning procedure.

3. Results

3.1. Laser irradiation of the GaAs surface in Ar or
H, atmospheres

The study of the effects of KiF excimer laser
irradiation of GaAs is particularly necessary, due to
the thermal and chemical fragility of such III-V
semiconductors. An H, ambient was used in order to
study the possibility of reducing the contaminants on
the GaAs surface through a laser induced reaction
between the reducing gas and the substrate,

Fig. 2 shows the As 2p; , (2) and the Ga 2p, ,,
(b) signals before and after irradiation of the GaAs
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Fig. 2. XPS spectra of (a) As 2p;,, and (b) Ga 2p; 2 from a
GaAs surface before and after irradiation with 100 laser pulses at
an energy density of 35 mJ/cm? in a H, ambient.
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sample with 100 laser pulses at 35 mJ/ cm?, in an
H, ambient. While the As, /Ga,, ratio remains
constant (1.1) within the 15% experimental error
measured for these peaks, the peak corresponding to
As,O, decreased and that of Ga,0, increased. No
significant change in the quantity of C, as deter-
mined from the area of the C 1s peak, was detected
after laser irradiation.

An increase of the laser energy density to 81
mJ /cm? and of the number of pulses to 800 did not
cause any changes from those reported above, nor
did the use of Ar rather than H, as an ambient gas.

From these results, we propose the following
reaction,

As,0, + 2GaAs — Ga,0, + 4As

which could also explain both the increase in Ga, 0O,
and the loss of As,0, detected. This reaction is
thermodynamically favorable at room temperature
[26] and is enhanced by the laser induced heating of
the substrate. A rough calculation of the temperature
rise of the GaAs surface due to the KiF excimer
laser at 81 mJ/cm?, gives a value of about 300°C.
The laser does not induce any interaction between
H, and the GaAs surface, since the results are
similar for an H, or an Ar ambient. This is not
surprising since molecular H,, unlike atomic H, does
not adsorb on GaAs [27]. Moreover, the 5 eV pho-
tons of the KrF excimer laser are not sufficiently
energetic to dissociate H, into atomic H in the gas
phase [28].

3.2. Laser irradiation of GaAs in a WFy atmosphere

Fig. 3 shows the spectral region corresponding to
the As 3d and W 4f XPS peaks for four samples: (a)
initial GaAs surface; (b) GaAs surface exposed to
WE, without any laser irradiation; {c) GaAs irradi-
ated in an WE, /Ar ambient by 500 KxF laser pulses
(67 mJ /em?); (d) GaAs irradiated by 3000 KiF laser
pulses (67 mJ /cm?). After exposure to WE; (b), we
note the appearance of a broad feature at around
—737 eV. This feature is due to the 4f peaks of W
(Note that the weak feature detected at around —35
eV on the bare substrate {a) is a plasmon energy loss
peak [29]). Usually the metallic W signal is a well-
resolved doublet due to the 4f,,, and 4f;,, levels
occurring at —31.5 and —33.65 eV. On Fig. 3 curve
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Fig. 3. As 3d and W 4f XPS peaks of () clean GaAs substrate, (b)
GaAs exposed to WE; at room temperature, () GaAs irradiated in
a WE; /Ar ambient by 500 laser pulses at 67 mJ/cm’ and (d)
GaAs irradiated in a WE; /Ar ambient by 3000 laser pulses at 67
mJ /em?.

(b), the peak at —37 eV is shifted by about 5 eV
towards higher binding energies with respect to the
metallic W signal. This indicates that the W ad-
sorbed on the GaAs surface is bonded to a highly
electronegative element, principally F and possibly
0. Moreover, a decrease in the signal attributed to
the As oxide (A5203) is also detected, indicating a
loss of As,O; upon exposure to WF;. As the sample
is irradiated with 500 laser pulses (67 mJ /cm?), the
signal due to the W fluorinated species becomes
more intense. After 3000 pulses (d), the signal from
the WE, peaks becomes even stronger and enlarges
toward lower binding energies. This indicates a grad-
ual dissociation of the W-F bonds in the WE,
molecule.

Fig. 4 shows the Ga 2p,,, peaks (a) before, (b)
after irradiation with 500 laser pulses in an WF;/Ar
ambient at 50 mJ/ cm?, and (c) after irradiation at 67
mJ /cm?. The appearance of a separate peak at
—1119.5 eV after laser irradiation in a WE; atmo-
sphere is easily seen. The 2.5 eV displacement of
this peak with respect to the GaAs main peak is too
large to be due to an newly formed oxide. Moreover,
this peak was not detected for GaAs which had been
laser irradiated in a neutral ambient. This contribu-
tion can only be due to the presence of Ga bonded to
an element more electronegative than O, that is to F.
This indicates the formation of Ga—F bonds. These
must be due to GaF,, since it is the only known
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Fig. 4. Ga 2p;,, XPS peaks of GaAs (a) before and (b) after
irradiation by 500 laser pulses in a WE; /Ar ambient at 50
mJ /om® and (c) after irradiation at 67 mJ /cm?.

stable fluorinated Ga species. The corresponding shift
is in agreement with the GaF, shift reported by
Alnot et al. [30]. In addition, a loss of stoichiometry
at the surface of the samples is detected. The As/Ga
ratio, as measured on the 2p peaks, goes from 1.04
(before irradiation) to 0.66 (after irradiation).

The samples studied and their qualitative and
quantitative analysis are summarized in Table 1.
GaF; was detected for all samples which had been
laser irradiated in the presence of WF,. A small
amount of GaF,; is even formed on GaAs upon
simple WF; exposure without laser irradiation. This
has already been discussed elsewhere [17,31]. As the
laser energy density and number of pulses increased,
the formation of WF, species was enhanced and the
signal from the underlying substrate decreased. This
explains the decrease in the Ga/W ratio. The in-
crease of the F/W to about 10 after 500 laser pulses
confirms the presence of F which is not bonded to
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Fig. 5. W 4f XPS spectrum of a GaAs sample irradiated with 3000

laser pulses at 67 mJ /em® in a WE, /H, gas mixture.

W, as indicated by the increase of GaF;. However,
after 3000 pulses, F/W returned to about 6. This is
explained by the gradual stripping of F from the WFE,
molecule (Fig. 4). The loss of F atoms can be
explained by the formation of volatile As fluorinated
species which eventually desorb from the surface of
the samples. This explains the loss of stoichiometry
detected on the surface of the samples.

Fig. 5 shows the W 4f XPS signal for a GaAs
sample irradiated with 3000 laser pulses at 67
mi/cm? in a WE; /H, gas mixture. The formation
of metallic W is indicated by the presence of a
doublet at ~31.5 eV (4f,,,) and —33.6 eV (4f; ;).
The W 4f peaks do not have the expected 4/3
intensity ratio because of the overlap with the contri-
butions of fluorinated W at energies close to —35
eV and higher. In Table 2, we indicate whether the
formation of metallic W was detected by XPS for
various conditions, when the number of laser pulses,
their energy density and the gas mixture were varied.

Several things can be deduced from this table:
First, metallic W can be formed through the dissocia-

Table 1

Ratios of the surface species detected on the GaAs substrate before and after laser irradiation in a WE; containing ambient

Sample Gas mixture Eliser Number As/Ga As,03/As Ga,0;,/Ga GaF; /Ga F/W Ga,/W
(mi/cm?)  of pulses

I Ar No laser - 1.1 0.30 0.20 - - -

2 WE; and Ar No laser - 0.72 0.15 0.18 0.06 58 19

3 WE; and Ar 50 500 0.66 0.00 0.07 0.23 10 8.6

4 WE; and Ar 67 500 0.44 0.08 0.10 0.33 10 7.4

5 WE, and H, 67 500 0.38 0.09 0.i0 0.33 12 8.0

6 WFy and Ar 67 30600 0.25 0.00 0.05 068 59 1.8
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tion of WE, by the GaAs substrate under laser
irradiation without any reducing gas (namely H,).
Second, there appears to be a threshold energy den-
sity (at 67 mJ /cm?*) below which no metallic W can
be formed. Third, the formation of metallic W on
GaAs is faster when using a reducing gas (H,).
Fourth, at energy densities above 80 mJ /cm?® and
higher, metallic W is formed after only 500 pulses.

3.3. Tungsten films properties

We have found that the deposition process is
difficult to reproduce. Dektak profilometry and scan-
ning electron microscopy (SEM) showed that the
deposits are not uniform and, in some cases, take
place in a hole formed in the substrate for laser
energy densities greater than 80 mJ/cm?® [32]. This
is a result of the interaction of WEF, with GaAs,
which induces damages to the GaAs surface at such
relatively high laser energy densities. Similar effects
have already been reported. Krans [16] observed a
violent reaction between WEF, and GaAs, leading to
rough films having an atomic concentration of W of
only 10%. Lecours et al. [17,33] observed that a
reaction between WF, and GaAs under Ar™ laser
irradiation, leading to troughs in the GaAs surface.

At 75 mJ/cm?, a 0.2 pm thick W film was
formed after 10* pulses (average deposition rate of
0.2 A/pulse) and its uniformity was found to be
better than that of films deposited at 60 mJ/cm®.
Fig. 6 shows two Auger electron spectroscopy (AES)
depth profiles: the first (a) is the profile of a deposit
obtained after irradiation of GaAs with 6300 pulses
at 67 mJ/cm? in an WE,/H, gas mixture and the
second (b) is a sample treated in the same conditions
but in an WE, /Ar gas mixture. The fact that the W
layer deposited with the WF, /H, mixture is thicker

Table 2

The formation of metallic W (as detected by XPS) versus the
number of laser pulses, their energy density and the gas mixture
used

WE, and Ar WE, and H,
Epee (I /ecm?) 30 50 67 >80 30 50 67 >80
500 pulses No No Yes No No Yes
3000 pulses No No Yes
> 6000 pulses No No Yes No 7 Yes
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Fig. 6. AES depth profiles of W deposits obtained on GaAs after
irradiation with 6300 laser pulses at 67 mJ /em? in () a WFy /H,
ambient and (b) a WF; /Ar ambient.

than the one deposited without H, for the same
number and energy of the laser pulses, indicates that
H, does play a role in the deposition process, as a
reducing gas for WF;. For both samples, the O and C
contaminations are probably both due principally to
the exposure to ambient air before the depth profiles
were made. Hydrocarbon contaminants from the me-
chanical pump oil could also add to the C contamina-
tion detected in the deposits. No F was detected in
the films or at the interface (the detection limit of the
instrument is 1 atomic %). However, our XPS mea-
surements have shown that F is present at the GaAs
surface and is bonded in a stable manner to Ga. The
presence of F is probably restricted to few monolay-
ers at the W—GaAs interface and therefore cannot be
detected by Auger depth profiling, possibly because
of electron beam stimulated desorption. All the au-
thors who have reported F species at the interface
have used characterization techniques which are more
sensitive than Auger depth profiling, namely nuclear
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reaction analysis (NRA) [16], secondary ion mass
spectroscopy (SIMS) [19] and Rutherford back-
scattering spectroscopy (RBS) [20]. In both profiles
shown here, As and, to a lesser extent, Ga are
incorporated in the deposit. However, the As diffu-
sion in W is more pronounced for the sample for
which no H, was used (b) than for the sample
treated in the WE;/H, ambient. This can be ex-
plained by the predominance of H, assisted growth
of W by reduction of WF;, once enough metallic W
is formed on the GaAs surface. Thus, the substrate is
less affected when H, is used and the As inter-diffu-
sion is more pronounced when Ar is used instead of
H,.

4. Discussion and conclusion

There is clearly a surface interaction between WE,
and GaAs under KrF laser irradiation. It leads to the
formation of GaF; and to a loss of As, as detected on
the surface-sensitive 2p;,, XPS peaks of GaAs.
There is also a threshold laser energy density (67
mJ /cm?® in our case) below which metallic W is not
formed. This indicates that the process is predomi-
nantly pyrolitic. No gas-phase photo-dissociation can
be expected with a KrF (A =248 nm, Av=173 eV)
excimer laser, because WF; starts to absorb in the
UV range, at 225 nm and lower [34,35). In addition,
the dissociation energy of the first W—F bond in WE;
is 5.3 eV [36]. This does not preclude the possibility
of a chemical photolytic dissociation of WF, or its
subfluorides adsorbed at the surface of GaAs during
the process. But, as seen in Table 2, at relatively low
energy densities (30 mJ/cm?), no metallic W was
formed on GaAs even after 18000 puises. Thus,
there is no evidence of a photochemical component
of the process.

The XPS results show that WF;, once adsorbed
on the GaAs surface, loses its F atoms. This dissocia-
tion takes place at room temperature and is acceler-
ated by the laser induced heating of the substrate
(roughly 250°C at 67 mJ/cm?). The F atoms be-
come bonded to Ga and to As, Since GaF; is stable
and non-volatile [37], with a sublimation temperature
equal to 950°C, it remains on the surface. The As
fluorides, on the contrary, are quite volatile. The
most commonly known fluorides of As are AsF; and

AsF; which have boiling temperatures of 50 and
—38°C, respectively [38]. Their evaporation results
in the observed loss of stoichiometry of the GaAs
surface.

We propose that the GaF, reduces the number of
available sites upon which WF, can adsorb on the
surface, thus reducing the possibility of forming
enough metallic W to nucleate and subsequently
induce the growth of a metallic W film. The compe-
tition between the formation of GaF, and the com-
plete reduction of WE, may explain the non-repro-
ducibility of WE; based CVD deposition of W on
GaAs [16,17,19,20]. The extent with which GaF, is
formed is dependent upon many parameters, espe-
cially upon the initial preparation of the substrate
and the background pressure of the CVD system
used [17,31]. This adds to the difficulty in control-
ling the process. ‘

We have shown that WE; can be reduced by the
GaAs substrate under laser irradiation to yield metal-
lic W, if the laser energy density is higher than a
threshold level. If a continuous layer is formed, WE;
wiil then adsorb on the freshly grown W rather than
on GaAs. From this point on, the growth regime will
be modified. If a WF, /H, gas mixture is used, the
growth of further W layers proceeds through the
hydrogen reduction of WE; under heating being in-
duced by the laser beam. In the deposition experi-
ment using WF; and Ar only, the W formed through
the reaction with the substrate eventually became
thick enough that the WF, molecule was no longer in
contact with the GaAs surface. Two possibilities
remain in this case: either, there is a limiting thick-
ness of metallic W, beyond which the WE, is no
longer dissociated by the substrate and the deposition
process is interrupted, or the deposition process may
proceed through the diffusion of As and Ga to the
surface of the W layer where they continue to disso-
ciate the WF;. Results of the other authors are in
good agreement with the model presented here.
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