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The hydrogen atom source considered here incorporates a hot capillary fed by hydrogen gas. Our
earlier measurements on a source heated by electron bombardment are interpreted in terms of a
simple model which encourages us to design a source heated by the radiation from a filament. The
radiatively heated source is much simpler, more reliable, and easier to run than the electronically
heated source. Furthermore, the radiatively heated source is free of any energetic particles. In order
to obtain quantitative data on the intensity, an apparatus is constructed revealing the angular
distribution of the hydrogen atoms and molecules by means of a quadrupole mass analyzer. The
intensity of the source is controlled by the mass flow rate of the feed gas and the electric power to
the filament. The flux density of hydrogen atoms at a substrate 6 cm away from the source is
variable over two orders of magnitude and extends up to some 10'°> atoms/cm? s. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2963956]

I. INTRODUCTION

Hydrogen atoms find various applications in surface and
thin film experiments. They are used to clean surfaces, e.g.,
of Si,' GaAs,2 and Co,3 and to cover surfaces in studies of
adsorption,4 recombination,”® and desorption.7 In thin film
deposition, hydrogen atoms are incorporated into the grow-
ing film.»?

Hydrogen atoms are predominantly produced by disso-
ciation of hydrogen gas either in a plasma or at a hot surface.
The latter has the advantage of providing hydrogen atoms
free of any ions or excited molecules which may be detri-
mental to the substrate or obscure the pure chemical action
of the atoms. There are two main versions of thermal hydro-
gen atom sources, i.e., the hot filament and the hot capillary
source. The hot filament is run in an atmosphere of hydrogen
gas, emits atoms in all directions, and burdens the vacuum
pump with a rather high gas load. The hot capillary, in con-
trast, preferentially emits along the axis and has a compara-
tively low gas load.

Hydrogen atom sources incorporating a hot capillary and
the work on their quantification were discussed in two earlier
publications.lo’ll Meanwhile, Kim and Lee'? described a
source similar to that of Bischler and Bertel."” The atom flux
at the sample surface was estimated from adsorption mea-
surements using a Si surface. Horn et al. " heated a capillary
resistively by contacting a wire to the capillary near the ori-
fice and passing a current through wire and capillary. Zecho
et al."” used this source for the etching of a-Si:H. They
determined the angular distribution of the emitted atoms by
the method of Schwarz-Selinger et al.,'® where the spatial
erosion of an exposed a-C:H film in combination with the
otherwise determined erosion yield reveals the hydrogen
atom flux.

In previous work, we constructed and investigated a
source of the hot capillary type. The capillary was heated by
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electron bombardment to make high temperatures accessible.
Hydrogen atoms effusing from the orifice of the capillary
were detected by a quadrupole mass analyzer (QMA) posi-
tioned in a part of the vacuum system which was differen-
tially pumped. At the highest temperature to which the cap-
illary was heated (2600 K) we measured the angular
distribution of the hydrogen atoms in a limited polar angle
range. The angular distribution was described by an analytic
function' by means of which the measured data were ex-
trapolated to the polar angle range 0 <= J=90° of the hemi-
sphere. We also measured the variation of the on-axis signal
as a function of the capillary temperature and the gas flow
through the capillary. From these data, i.e., the gas flow in
absolute numbers and the angular distribution of the hydro-
gen atoms as well as their variation with temperature in rela-
tive numbers, we determined the intensity of the source."!

The present work goes beyond our previous investiga-
tions in two respects. (1) Based on insights into dissociation
and beam formation in the capillary, we change from elec-
tron bombardment heating to heating by thermal radiation
which makes the source much simpler, more reliable, and
easier to run. For technical reasons as well as with respect to
the vaporization of the construction material, we limit the
temperature range of the capillary. This requires a more sen-
sitive detection system. (2) We build an improved QMA ap-
paratus which reveals the angular distribution of the atoms
and also of the molecules at arbitrary temperature.

Sections II, III, and IV describe the design of the source,
the QMA apparatus and its calibration, and the performance
of the source in quantitative data.

Il. SOURCE DESIGN

The previously measured angular distribution of the hy-
drogen atoms as well as the temperature dependence of their
on-axis signal were both described by one single empirical
parameter each." Accordingly, we can set up a simple model
representing the dissociation and beam formation by the cap-

© 2008 American Institute of Physics
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FIG. 1. (Color online) Model representing dissociation by means of the
parameter p.q, and beam formation by means of the parameter Lygs. Legy
marks the position of the virtual chamber. The absolute length of the free-
standing capillary is indicated. The gas duct is at pressure p, and at room
temperature 7.

illary, as shown in Fig. 1. We assume that the capillary is fed
with hydrogen gas at a mass flow rate Q and the greater part
of the capillary up to the orifice is at temperature 7. Q and
also 7, which depends on the heating power, are variable
experimental parameters. The dissociation can then be
treated as if there were a virtual chamber in thermal equilib-
rium at 7 and p.q,, where the pressure p.,, is an empirical
parameter depending on Q only. [The temperature deter-
mines the equilibrium constant K, which in combination
with peq, determines the degree of equilibrium dissociation «
in the virtual chamber, see Eq. (7) in Ref. 10]. The angular
distribution of the atoms leaving the orifice corresponds to
that obtained by assuming a virtual membrane in the capil-
lary and a transparent flow from the membrane up to the
orifice.'’ The length of the transparent flow is L., which is
the other empirical parameter. L. depends on Q and T. (In
Ref. 10 a dependence of L.; on T was not taken into account
since the angular distribution of hydrogen atoms was only
measured at the highest temperature accessible. However, the
dependence of L. on T became apparent in the present mea-
surements. )

We wish to verify whether the relative positions of the
virtual chamber and the virtual membrane are located, as
sketched in Fig. 1. This requires an estimate of the distance
L.q, between the exit of the virtual chamber and the orifice.
Accordingly, we have to discover the position at which the
pressure in the capillary is equal to pq,. The capillary tem-
perature rises from about room temperature Ty at the water-
cooled socket to the nominal temperature 7, which is as-
sumed to prevail up to the orifice. In that part of the capillary
where the temperature rises, the pressure increases from the
feeding pressure p, in the gas duct to a pressure of the order
of p(T/Tg)"* due to thermal transpiration.'”'® In the con-
stant temperature part of the capillary, the pressure decreases
to a very low level at the orifice. Let us now focus on that
part of the capillary marked by Lg,. If we assume molecular
flow, the pressure along L., decreases linearly and the gas
flow rate Qr is related to the molecular flow conductance
Cmol by
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FIG. 2. (Color online) Comparison of the lengths Leg and Ly, as defined in
Fig. 1 plotted vs the feeding pressure p,. Data are taken from earlier mea-
surements (see Ref. 10).

. 20 r
Or= Cmol(pequ - porifice) with  Cpg=—¢— (1)

3 Lo
where ¢ is the mean thermal speed and r is the capillary
radius. The pressure psc.. can be neglected. We refer to the
data in Ref. 10, Table I, where 7=2600 K. In the approxi-
mation a=1, the amount of gas particles is doubled by the
dissociation and the gas flow rate Q7=0»4 is given by

2600 K
Q2600:2Qg—295 K’ (2)

where O, is the gas flow rate in the gas duct at room tem-
perature. By applying Egs. (1) and (2) we can enumerate L,
from the data of p.q, and Q,, as given in Ref. 10, Table L. (Q,

is termed Qg in Ref. 10.)

Figure 2 shows L.y, as well as L. as a function of the
feed pressure p,. The model in Fig. 1 with L.g,> L is ap-
parently valid for feed pressures p,<<0.1 mbar. The hydro-
gen source of the hot capillary design is especially powerful
in the low pressure range where the degree of dissociation is
higher and the beam formation is more developed than those
at high pressure. Both a high degree of dissociation and a
slim beam contribute to a high ratio of the axial beam inten-
sity to the gas load on the vacuum system. Operated in this
pressure range, p,<<0.1 mbar, the hottest part of the capil-
lary should extend from a distance of about 3 to about 1 cm
from the orifice. In the frame of our simple model, a tem-
perature decrease next to the orifice is not detrimental. This
conclusion was the reason why we tried radiative heating of
the capillary, which presumably would not reach the tem-
perature level and homogeneity of electron bombardment
heating.

In designing a source with radiative heating, we started
from our electron bombardment heated source retaining its
basic features such as capillary, filament, thermal insulation,
copper cap, and water cooling. However, the capillary was
now to be heated by the thermal radiation from the resis-
tively heated filament. Several different versions of the
source were built at Jiilich and tested with the aim of mini-
mizing the heat loss by radiation through the thermal shields
and the heat loss by conduction to the water-cooled socket.
Mention should be made of a preliminary version where the
capillary, its support, the filament, and the thermal shields
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FIG. 3. Hydrogen atom source with radiative heating of the capillary.

were constructed as a unit which could be removed from the
water-cooled body and the gas feed line in order to replace a
broken filament. However, the filaments proved to be very
reliable. The sealing between the removable capillary unit
and the gas feed line, on the other hand, required careful
handling. This feature was therefore abandoned in the final
version in favor of simplicity. The preliminary and final ver-
sions were constructed several times and utilized in other
laboratories.”™ Finally Schuler revised the technical details
of the source to optimize its fabrication. The present version
of the source is sketched in Fig. 3. Capillary and filament are
made of W. A typical capillary temperature of 2200 K is
achieved at a filament power of around 160 W (/<14 A,
U< 13 V). These conditions avoid any energetic particles.
Dispensing with the high-voltage insulation, which is pecu-
liar to electron bombardment heating, results in a much sim-
pler design and a much higher reliability of the source. The
filament is preferentially powered by a dc power supply in
the constant current mode, which makes the source run sta-
bly and reproducibly.

lll. QUADRUPOLE MASS ANALYZER SYSTEM AND
ITS CALIBRATION

A. Quadrupole mass analyzer system

By switching from electron bombardment to radiative
heating we decrease the capillary temperature range from a
maximum of 2600 to typically 2200 K. This is a significant
temperature decrease with respect to dissociation requiring a
highly sensitive hydrogen atom detection system. We there-
fore designed an improved analysis system incorporating as
before a QMA for the detection of hydrogen atoms and mol-
ecules. The analysis system is shown schematically in Fig. 4.
The QMA (Pfeiffer QMA 160, QMH 400-1, and QMG 422)
is accommodated in a differentially pumped chamber whose
base pressure is below the x-ray limit of the ion gauge (2
X 10~!"" mbar). The QMA is equipped with an axial beam
ionizer for electron-impact ionization. The parameters of the
ionizer are adjusted to optimize the sensitivity and resolution
of masses 1 and 2 (filament to anode of 53 V, anode to lens
of 0V, anode to rod system entrance of 150 V, and anode to
rod system field axis of 18.25 V). The ion current / is de-
tected by a Faraday cup.

Gas particles from the source chamber pass to the QMA
chamber via a tube of 1 mm inner diameter and 10 mm
length. The hydrogen atom source can be swiveled by *+30°
about an axis through the orifice. This kind of setup was
already used by Van Zyl and Gealy19 to record the angular
distribution of the particles emanating from the orifice. The
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FIG. 4. Schematic of the apparatus used to determine the intensity of the
hydrogen atom source.

source can be mechanically adjusted to bring the capillary
into the line of sight of the pressure stage tube and the QMA
ionizer. Hydrogen gas is admitted from a pressure can to a
bellows-type gas reservoir and via either an UHV leak valve
or a mass flow controller (Aera FC-901) to the source. The
feed pressure is measured by a spinning rotor gauge or a
capacitance manometer depending on the actual pressure.
The pressure ranges are as follows: feed pressure p,=2

X 1073, ...,3.5 mbars, pressure in the source chamber pg
=1.5%10"%, ...,1.6X 1075 mbar, and pressure in the QMA
chamber py=<2x10""", ...,5X 107" mbar. The highest

pressures correspond to a mass flow rate O=1 SCCM
(SCCM denotes cubic centimeter per minute at STP). This
analysis system is superior to the former one in the sensitiv-
ity of the QMA, differential pumping performance and there-
fore in the background of the QMA signal, and width of the
accessible polar angle range.

We previously determined the intensity of the source
from three experimentally determined quantities: (1) the flow
rate of the hydrogen feed gas, (2) the degree of dissociation
indicating how much of the feed gas is dissociated, and (3)
the angular distribution of the emitted hydrogen atoms.
Quantity (1) was measured in absolute numbers and quanti-
ties (2) and (3) in relative numbers. The angular distribution
was only measured at the highest capillary temperature
(2600 K) and was assumed to be valid at all temperatures. In
the present system, the improved signal-to-noise ratio and
the low pressure in the QMA chamber make it feasible to
register the angular distribution of the atoms as well as that
of the molecules at arbitrary temperature. By integrating the
angular distribution we obtain the total emitted flux of atoms
and molecules which when combined have to balance the
feed gas mass flow. This is the present route for achieving
quantitative data of the intensity.

The full polar angle range (£30°) of the analysis system
is not illuminated by the standard source as shown in Fig. 3,
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FIG. 5. (Color online) Angular distributions of the QMA currents of mo-
lecular ions (a) and atomic ions (b). The experimental data are fitted by an
analytic function. The currents /,5 and /5 represent the beam of molecules
and atoms from the source. The currents /,¢ and I, originate from the gas in
the source chamber and QMA chamber, respectively. /; ¢ is due to the crack-
ing of molecules in the QMA ionizer. The deviation of the peaks of /5, I,
and 7,5 from 9=0° is a systematic offset presumably arising from the shape
of the vacuum system.

whose polar angle range is limited to around 20° by the
opening in the Cu cap. Therefore, we proceeded in two steps.
(1) The QMA system is calibrated with a special source
which had no structural material in front of the capillary
orifice and whose angular distribution is accordingly bare of
any shielding. (2) Thereafter a standard source is investi-
gated in the calibrated QMA system.

We turn now to the calibration and describe the measure-
ments on the standard source in the following.

B. Calibration of the quadrupole mass analyzer
system

The special source is put into operation in a separate
vacuum system where the capillary temperature is measured
versus the heating power. The source is then mounted into
the QMA system and the angular distributions of hydrogen
atoms and molecules are recorded for different temperatures
and mass flow rates. The mass flow is determined by the
mass flow controller and the mass flow rate is given in
SCCM (1 SCCM corresponds to a particle flux of 4.48
X 107 particles/s).

Figures 5(a) and 5(b) show an example of the angular
distribution of molecules and atoms. The current I, of mo-
lecular ions [not shown in Fig. 5(a)] is the sum of the current
L due to the beam of molecules from the capillary and of
the currents /55 and I, arising from the partial pressures of
H, in the source chamber and the QMA chamber, respec-
tively. (The isotropic background gas in the source chamber
contributes to the gas flow through the tube of the differential
pumping stage into the QMA ionizer. I,y is the corresponding
current.) I,5 and I, are proportional to the respective pres-
sures and the appropriate factors were determined. /,¢ and
I, can then be calculated from the experimental pressures

J. Appl. Phys. 104, 034908 (2008)

and are subtracted from /, to get the proper beam signal I,p.
The current /; of atomic ions [not shown in Fig. 5(b)] is the
sum of the current /;5 from the beam of atoms emanating
from the capillary and the current /; ¢ arising from the crack-
ing of the molecules represented by the currents Iz, I,g, and
I,p. The appropriate cracking factors were determined. [In
Fig. 5(b) I, is low as compared with I; due to the high
temperature. |

The angular distribution of the molecules [Fig. 5(a)] is
narrower than the angular distribution of the atoms [Fig.
5(b)]. The full widths at half maximum (FWHMs) are 19.1°
and 23.5°, respectively. The FWHM is smaller and the dif-
ference between molecules and atoms is more pronounced at
low mass flow rate. At 0=0.04 SCCM (T=2270 K) [as
compared with 0=0.5 SCCM (T=2350 K) for Fig. 5] the
FWHMs are 5.5° for molecules and 13.5° for atoms. The
corresponding lengths L of transparent flow in the capillary
are 18 mm for molecules and 9 mm for atoms. This reflects
the fact that atoms originate in the hot part of the capillary,
which is closer to the orifice than to the socket, whereas
molecules might pass through the capillary from a location
near the socket to the orifice in a straight trajectory.

The experimental data of I,5 and [/, are fitted by

Lip(9) =A;j(9), =12, (3)
where ¥ is the polar angle, A; is the amplitude, and j;(9) is
an analytic function describing the normalized angular
distribution.'*!" Using an analytic function for the fit makes
it feasible to extrapolate and integrate the angular distribu-
tion over the hemisphere in front of the capillary. (In the
fitting process we had to allow for an angle-independent
background signal which turned out not to be related to any
of the above-mentioned currents.)

The currents I,z are proportional to the beam intensity J;
(unit: atom or molecule/sr s) and we define the correspond-
ing sensitivity factors S; by

, , 2000 K
IiB=f]SiJi’ l=1,2 Wltth= T. (4)

The square root term accounts for the time the particles
spend in the ionizer.'""” The reference temperature of 2000
K is arbitrary but fixed. Our sensitivity factors §; are related
to this temperature.

We know the flux of molecules Ng into the capillary
from the mass flow controller. This flux is balanced by the

total fluxes of the atoms, N |» and of the molecules, N2, leav-
ing the orifice.

2N, =N, +2N,. (5)
From N,=[,.J(9)dw and Eqs. (3)~(5) we obtain

. 1
N. = —A.i(Dd 6
=) 7S Ji(Ndw (6)

1
=——AX); where Q,-=f Jji(9dw, (7)
fTSi 2
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FIG. 6. (Color online) The integrated QMA signal A,€),/f; for hydrogen
molecules plotted vs the equivalent signal A,Q,/f; for hydrogen atoms. The
abscissa is proportional to the total atomic flux and the ordinate is propor-
tional to the total molecular flux. The atom flux increases at the expense of
the molecular flux.
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In a series of measurements we applied different mass
flow rates by means of the mass flow controller and varied
the temperature from 1870 to around 2300 K for each mass
flow setting. The measured angular distributions were fitted
to obtain A; and j;(1). By integrating the latter we obtain (),.
Figure 6 shows A,Q,/fr versus A€,/ fr for this series of
measurements. Note that the ordinate is proportional to the
molecular flux out of the capillary and that the abscissa is
proportional to the corresponding atomic flux. The tempera-
ture increases along every data set from left to right. Figure 6
describes the increase in the atomic flux at the expense of the
molecular flux.

The data of Fig. 6 are fitted by straight lines

lAzﬂzza—blAlQI. (10)

Ir Ir
The coefficients a and b are plotted in Fig. 7 versus the mass
flow settings used in this series of measurements. The coef-
ficient b is constant whereas a is nicely proportional to the
mass flow. The slope of a is equal to S,, as can be seen by
comparing Egs. (9) and (10). Replacing 1 SCCM by 4.48
X 10" particles/s we obtain
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FIG. 7. (Color online) The absolute term a and the slope b of the fitting
lines in Fig. 6.
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FIG. 8. (Color online) The on-axis flux density ¢, of hydrogen atoms on a
substrate at /=6 cm distance plotted vs the heating power. The parameter is
the mass flow rate Q. The gas is admitted to the source via a mass flow
controller.

S,=1.33 X 10"% A/(molecule/sr s).

Likewise we find from comparing Egs. (9) and (10) S,
=S,/(2b) and

S, =1.06 X 107% A/(atom/sr s).

It is interesting to note that S; is smaller by a factor of
about 1/20 as compared with the earlier analysis system.11
Nevertheless, the signal-to-noise ratio is much higher and the
background pressures are much lower in the present system,
resulting in a much lower limit of particle detection.

IV. CHARACTERIZATION OF THE SOURCE

Knowledge of the sensitivity factors of the QMA system
enables us to determine the intensity of the standard source
(Fig. 3) for various settings of gas flow and heating power. In
a preparatory step the source is put into operation in a sepa-
rate vacuum system where the capillary temperature is mea-
sured as a function of the heating power. After transfer into
the QMA system, the source is adjusted and maintained at
the polar angle of ¥=0° to measure the on-axis intensity.

Hydrogen gas is fed to the source by the mass flow con-
troller when higher flow rates are required or via the leak
valve in the case of lower flow rates. Higher mass flow rates
extend from 0.02 to 1 SCCM. With the mass flow rate set,
we vary the heating power and accordingly the capillary tem-
perature. The QMA signal due to the atoms and molecules
from the source is identified as the signal step when a shutter
at the pressure stage is opened. As described above for the
special source, the raw signal I, is corrected for the currents
I 5 and I, to obtain the proper beam signal I,z and the raw
signal I, is corrected for I to obtain /;z. By the use of Eq.
(4) and the sensitivity factors S, and S,, we obtain the beam
intensities J; in units of atoms/sr s or molecules/sr s. More
illustrative than the intensity J; is the flux density ¢; onto a
substrate, which is evaluated by

J;-sr
;= & (1 l)
In Fig. 8 we plot the on-axis atom flux density ¢; onto a
substrate at a distance of 6 cm from the capillary orifice. An
impingement rate corresponding to a monolayer per second
is achieved at a mass flow rate of 0.1 SCCM and a heating
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FIG. 9. (Color online) The on-axis flux density ¢, of hydrogen atoms on a
substrate at d=6 cm distance plotted vs the gas flow rate Q,. The parameter
is the heating power N. The power steps from 80 to 187 W correspond to
temperatures of 1840, 1900, 1980, 2100, 2200, and 2300 K, respectively.
Values of the degree of dissociation « are indicated. The gas is admitted to
the source via a leak valve.

power of 160 W. Higher impingement rates require higher
mass flow rates.

Mass flow rates lower than 0.02 SCCM can only be
admitted via the leak valve which, however, cannot be set to
a certain mass flow rate. Therefore, we preset the heating
power as the parameter and vary the gas flow by the leak
valve. After reaching stationary pressures, we measure the
gas feed pressure p, and calculate the gas flow rate O, by

Q,=Cop,. (12)

C, is the flow conductance of the hot source, which can be
evaluated from the previous mass flow controller operation,
where we set the mass flow rate Q (SCCM) and measure p,.
We convert the mass flow rate Q into the gas flow rate Q, at
room temperature (I SCCM=1.82X 1072 mbar 1/s at 295
K) and evaluate C, by Eq. (12).

The atom flux density ¢; as measured with gas feed by
the leak valve is depicted in Fig. 9. Flux densities down to
the order of 10" atoms/cm”s can be set in a controlled
manner. The fitting lines for high heating power merge at low
gas flow rates. This is indicative of the fact that the degree of
dissociation « approaches 1. Two values of « are indicated in
the figure. These data are derived from measurements with
the special source since in this work the determination of «
requires the knowledge of the angular distribution. The
variation of a with temperature was presented in an earlier
publication“ (See Table I and Fig. 6. There we find a=0.3
instead of 0.27 for Q,=1.69X 103 mbarl/s and T
=2200 K.)

The data in Figs. 8 and 9 are fitted by analytic functions.
These are used to set up a contour plot of the on-axis atom
flux density as a function of the mass flow rate and the heat-
ing power, see Fig. 10. The flux density covers a range of
two orders of magnitude and extends up to some
10" atoms/cm?s.

V. CONCLUSION

Our earlier measurements on a hydrogen atom source
incorporating a hot capillary heated by electron bombard-
ment are described by a simple model. We conclude from
this model that heating of the capillary by thermal radiation
should work just as effectively if the mass flow rate of the
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FIG. 10. (Color online) Contour plot of the on-axis flux density ¢, of
hydrogen atoms on a substrate at d=6 cm distance. The experimental pa-
rameters are the mass flow rate and the heating power.

feeding hydrogen gas is in a lower range. Switching from
electronic to radiative heating eliminates the need for high
voltage and its insulation, which significantly simplifies the
design of a source as well as its power equipment. Our final
design for a radiatively heated source proves to be much
more reliable than its electronically heated predecessor.

In order to determine the intensity of the source a special
QMA system is designed and built. The sensitivity of the
system is evaluated for atoms as well as for molecules and
the on-axis intensity of the source is determined. The inten-
sity of the source can be adjusted by the hydrogen mass flow
rate and the heating power. A contour plot as a function of
these parameters is set up showing a variation of the on-axis
intensity over two orders of magnitude ranging from some
10" to some 10" atoms/cm? s if an orifice-to-substrate dis-
tance of 6 cm is assumed. In conclusion, a radiatively heated
hot capillary source is felt to be superior to an electronically
heated source if it is intended to achieve hydrogen atom in-
tensities in the aforementioned range.
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