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FOREWORD

The work described in this report was performed at the University
of Salford, Department of Electrical Engineering, Salford, England where
the author performed postdoctoral research under ihevLong-Term Full Time
Training (LTFTT) program. This opportunity gjven to the author (Dr.
Hemenger) by the Air Force Materials Laboratogy. Air -Force Systems Com-
mand, U.S. Air Force permitted him to work foé a year (1 September - 28
August 1974) in a laboratory at the forefront;of.ion implantation re-
search. The author gratefully acknowledges this experience and is in-
debted to the University of Salford for offering him‘the chance to join
the university and to participate in their research program. As a
direct result of the superb scientific environment and excellent facili-
ties, it was possible to address and resolve a specific technical prob-
lem which was unsolvable with the background and facilities available
before the LTFTT assignment. Additionally, the new techniques and
skills that were acquired are now being employed for the solution of new

problems.

A particular debt is owed to Professor George Carter, who, in addi-
tion to arranging the program with Salford, constantly supplied enthusi-
asm and ideas and furnished help both at the University and outside
where he made the transition to English life smooth for the author and
his family. Also essential to a successful year were the many people
who worked with and discussed problems with the author, who answered

questions, and who were relied upon in general. In particular, Dr. J.

S. Willfams assisted with the Van de Graaff accelerator and he along
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with Dr. W. A. Grant gave time generously in discussions and were the
sources of many ideas. Professor Carter, Dr. Grant, and Dr. Williams
also contributed directly to this report by reviewing in detail the
first draft and suggesting a number of improvements that have been

incorporated. Dr. G. A. Stephens' help with Van de Graaff problems is

appreciated.

A great deal of support was given by many people including M. Nobes
who performed the ion implantations and A. M. Phahle who prepared the

sputtered films.

This report has been written in a tutorial vein because it is the
result of a learning experience for the author and because it is being
submitted to the University of Salford as the thesis requirement for a

Master of Science Degree.
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SECTION I

INTRODUCTION

Rutherford Backscattering offers a powerful tool for probing the
surface regions of solid state materials and thin films. The method
consists of using a beam of high energy (1-2 MeV) Tow mass (generally
He) particles as a probe and analyzing the energy spectrum of the frac-
tion that is backscattered through a large angle, 160-170°. The probe
ions suffer elastic collisions with the target atoms and additionally
suffer a continuous energy loss as they move through the lattice, both
before and after the elastic collision. The rate of energy loss or
"stopping power" is a function of the lattice or target ions, the probe
ions, and the energy of the probe ions. The backscattered ions are
collected at a fixed angle and their number as a function of energy is
measured using a solid state detector and multichannel analyzer. The
resulting spectrum is the output data for the measurement and contains
information about the mass of the atoms in the target as well as their
numbers and spatial location relative to the surface. One of the ad-
vantages of the RBS technique is that each scattering event is inde-
pendent so that the spectrum is dependent only upon the numbers, mass,
and locations of the atoms composing the target, which greatly simpli-
fies analysis. However, this advantage is also a weakness in some cases
because the spectrum contains no information about how the constituent
atoms are combined, if at all. For example, when examining Ga in S1‘02
films as described later, it is not possible to comment on whether or
not any of the oxygen is combined with the Ga. The fraction of the

probe ions that are backscattered can be dramatically reduced if the

probe beam is aimed along a low index direction in a single crystal
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target, i.e., channeled. Channeling, in some applications, aids in
extracting data, particularly in the cases of dopant ions located at
specific lattice sites in single crystals and amorphous films on single
crystal substrates which are discussed by Mayer et al. (Reference 1)

and Mayer (Reference 2), respectively.

The primary purpose of this report is to review, examine, and apply
the RBS (Rutherford Backscattering) technique to evaluating passivating
films on semiconductors. Such films are used routinely to protect semi-
conductor surfaces during annealing, and therefore play a central role
in the final properties of the material as shown, for example, by Harris
et al. (Reference 3) and Feldman et al. (Reference 4) in the cases of
GaAs and GaP, respectively. In addition, other applications of RBS for
surface analysis are discussed and employed in an effort to demonstrate

to some degree the technique's potential.
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SECTION II

RUTHERFORD BACKSCATTERING

1.  GENERAL

Rutherford type scattering consists of projectiles striking target
atoms with an energy sufficiently large to prevent any significant
screening by the electrons on the projectile or target atoms. That is,
Rutherford scattering consists of elastic binary scattering between the
"bare" projectile and target nuclei which therefore "sense" only 1/r2
type coulomb repulsion when they are a distance r apart. This sort of
scattering permits greatly simplified quantitative interpretation of the
data, which is aided further by using a monoenergetic source for the

projectile ions.

The Rutherford scattering probability in the center-of-mass coor-
dinate system for a particle of mass M], charge Z], and energy E, to be
scattered through angle 6 by a target atom of mass M2 and charge Z2 into

a solid angle d2 is given by

2
2 2
() . <Z122e > (”1 i Mz) 1 -
da c.m. 4t M2 sin4(e/2)

where e is the electronic charge. Expressing E in MeV, Equation 1 is a

small quantity with strong forward-peaking,

=~

2 2
r A M, + M 2
do : -27 ( 12) 1t M ] -
=1.3%x10 —t (2)
(&) E < ’ > sint(0/2) ST

c.m.

2
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which says basically that the impinging projectile ion "sees" a very
open lattice and that only a small fraction of the impinging particles
are in fact backscattered. It is assumed for purposes of analysis that
the incident flux is constant with depth. This assumption greatly
simplifies analysis since losses from the incident beam can be ignored

when comparing backscatter yields from different depths. The particles
which are scattered come from varying depths in the target depending

upon where they happen to approach a lattice atom within its effective
scattering radius of which the Thomas-Fermi screening distance is a
useable estimate. The Thomas-Fermi screening distance is typically a
small fraction of one K and is a function of both the probe and target
ions as can be seen from the values given on p. 127 of Mayer et al.

(Reference 1).

Shown in Figure 1 is a typical RBS spectrum for a "random" sample
(or target) in which the number of backscattered particles (or yield) is
plotted as a function of energy. The front (or high energy) edge, Es’
of the spectrum represents elastic scattering from surface atoms, while
the yield at lower energies is the result of ions that have traveled
into the sample some distance, undergone elastic collisions, then re-
turned to the surface where their energy is measured. The continuous
inelastic energy losses experienced by the projectile ions while travel-
ling through the crystal before and after the Rutherford collision give
rise to the spectrum nature of Figure 1. These losses, which result
from the stopping power of the particular ion-target-energy combination,

are known and can be used to convert the spectrum's energy scale to a

el
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BACKSCATTER
YIELD
.k 1, ENERGY OF
<«——DEPTH E; E; _ SCATTERED IONS

Figure 1. Schematic RBS (Rutherford Backscatter) Spectrum from a Random
Sample. E, and Eﬁ Are the Energies of the Incident and Surface

Scattered Ions, Respectively.

depth scale as indicated in Figure 1. The value of this conversion will
be shown later when it is possible to track diffusing Ga in Sio2 and to
locate its position relative to the specimen surface. Therefore, RBS

can be viewed as a mass-sensitive depth microscope that permits mapping
the location of masses to depths of a few um with a resolution of up to

o
~30A.
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A sample's backscatter yield can be greatly reduced, from that il-
lustrated by Figure 1, in the special case known as '"channeling". Chan-
neling can occur when the ion (or projectile) beam is aligned along a
crystallographic axis or plane of a single crystal target. The situa-
tion is shown schematically in Figure 2 where an ion beam is shown
aligned with a low index direction in a two-dimensional lattice. Those
particles which approach the surface within the "forbidden" region are
backscattered or "randomized”, but those outside the forbidden zone
continue into the lattice and are channeled. The incident beam is
therefore separated into random and channeled portions. Those channeled
ions which approach close to the atomic rows will "feel" a gentle cou-
lombic repulsion and therefore will be slightly deflected toward the
other row from which they will be deflected back, resulting in an os-
cillating path leading deeper into the crystal (as indicated in Fig-
ure 2) with only gradual randomization or dechanneling. Thermal oscil-
lations of the lattice atoms additionally contribute to the randomiza-
tion process so that eventually most ions are dechanneled by approaching
a lattice atom within the forbidden region, as discussed by Grasso (p.

181 of Reference 5).

To explore the channeling phenomena experimentally, a low index di-
rection of the sample is carefully aligned with the ion beam and a back-
scatter spectrum is taken, which is shown schematically in Figure 3
superimposed on the random spectrum of Figure 1. The alignment is very
critical since the angular difference between perfectly aligned and
random spectra is typically a fraction of one degree. The surface peak

in Figure 3 on the channeled curve results from the fraction of the ion

beam that suffers Rutherford collisions with the surface atomic layer of
6

Sl e o e



— ey

<

AFML-TR-75-55

INCIDENT
BEAM

Figure 2.

“FORBIDDEN’" REGION

ALONG INCIDENT DIRECTION
TEERRRR0R @ T 45388 @ WRARREES @ BN @,

I1lustration of an Incident Beam Parallel to a Low Index
(Channeling) Direction in a Two-Dimensional Lattice.

BACKSCATTER
YIELD

!

RANDOM
YR
y
Xmin- 75
R
CHANNELED

Ye SURFACE PEAK

1 ENERGY OF

Figure 3.

1
i
«———DEPTH T Eg Eq SCATTERED IONS

Schematic RBS Spectra for Channeled and Random Orientations
of a Sample. Eo and Eg Are the Energies of the Incident
and Surface Scattered Ions, Respectively.
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the crystal as indicated in Figure 2. The surface contribution is the
same from a crystal whether or not it is aligned for channeling. Beyond
the surface lTayer in the channeling configuration, however, the lattice
atoms are shielded from the ion beam and therefore hake a greatly re-
duced contribution to the backscattered yield compared to the random
orientation in which all lattice sites, both on the surface and below,
are equally accessible. It should be noted that the yields of all
backscatter spectra increase deeper in the crystal, (i.e. at lower
energies in Figure 3) because the probe particle energy decreases as it
penetrates the lattice due to the stopping power which results in an
increased scattering cross-section or scattering probability (Equa-

tion 1). The quantity X in Figure 3 at the position of minimum yield

min

is defined as X = YC/YR where YR and Yc are the yields from a crystal

min
in random and perfectly channeled positions, respectively. xmin

estimated by calculating the fraction of the area on a crystal face

can be

occupied by the atomic rows when viewed along a particular crystallo-
graphic direction. For example, using a Thomas-Ferﬁi screening distance
"a", the area of the row "seen" by the ion beam is naz, while the total
surface area per row is 1/Nd where N is the atomic density and d is the

atomic spacing along the row. Calculating X for Si in the <110>

min
direction, for example,

N=5x10%2/ cm

d 1100 = 3-89
a=0.17A
and
X_. = ma’Nd = 0.0174
min <
8
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This result means the lowest xmin that can be obtained on a Si crystal
regardless of surface preparation and alignment is about 2%, which is

consistent with experimental observations.

More complete treatments of channeling, with examples, are avail-
able in publications by Picraux (Reference 6), Mayer et al. (Refer-

ence 1), and Morgan (Reference 5).

2. EXPERIMENTAL CONSIDERATIONS AND APPLICATIONS

The description of the RBS experiment given below is combined with
discussions on the specific kinds of information that can be obtained
about a material and how the experimental parameters interact with the
measured data. Limitations of the RBS method are also discussed along

with techniques by which some of them can be circumvented.

a. Experimental Parameters

A typical experimental set-up for backscattering is shown sche-
matically in Figure 4 where Eo is the incident ion energy and E is the
jon's energy after scattering through the laboratory angle ¢. The
sample is mounted on a goniometer so that the angle which the ion beam
makes with the sample surface can be precisely adjusted over a wide
range. When choosing how to perform the scattering experiment, con-
sideration must be given to the available experimental parameters and
how théy affect the data that is required. The parameters consist of
the probe ion energy, the angle of scattering, the method of detection,
and the probe ion mass. It is assumed that all of the detected par-

ticles have undergone only a single close approach scattering event.
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SURFACE
oy 0, -190° 4 L— e
SCATTERING
EVENT
i g anliseE
- NORMAL

\£

SOLID STATE
~a
P_ t —ol @DETECTOR

Event at a
Figure 4. Typical Backscattering Set-Qp for a Scattering a
44 ngth t in the Sample. Typically, ¢=168° and 9] + 92-12°.

The probe energy must be high for two primary reasons: (1) to
improve the resolution between different masses in the target and (2) to
ensure unscreened, binary collisions between the probe and target nu-
clei if the simplified data analysis advantage of Rutherford scattering
is to be realized. Rutherford type collisions are further guaranteed by
choosing a scattering angle ¢ greater than 90°, and in fact as close to
180° as experimentally practical. This large value for ¢ (typically
168°) requires that the colliding particles approach with a small impact
parameter which is defined as the perpendicular separation between the
particles' center lines of motion before any deflection takes place due

to the coulombic repulsive force. A small impact parameter combined

10
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with the large incident energy ensures that any detected particle will
have experienced a close-approach collision of the Rutherford type.
Scattering dynamics are examined carefully by Carter and Colligon
(Chapter 1 of Reference 7) and the classical Rutherford scattering
theory is examined in some detail by Leighton (Chapter 14 of Refer-
ence 8). A small additional advantage of a large scattering angle is
increased mass separation in the backscatter spectrum. That is, the
energy difference between particles scattered from two different masses
increases with scattering angle as can be seen from Equations 3 and 4.
For example, the backscatter energy difference for He ions scattered

from F and 0 at ¢ = 145° and 175° are, respectively

E(F) - E(0) = 64.9 keV

and

E(F) - E(0)

€5.3 keV

for an incident ion energy of 1 MeV. The major contribution to increased
spectral separation of masses in the target is an increased energy of

the incident ions. From Equation 3, it is seen that mass resolution is
related linearly to the incident ion's energy, so the resolution is

doubled in going from 1 MeV to 2 MeV.

n
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Experimentally, the cost of scattering through a large angle with a
large incident energy is a reduced number of scattering events because
Equation 1 is forward peaked as mentioned and also because it decreases
with increasing energy. Additionally, for backscattering the probe ion
must be of a smaller mass than the target atom which can be seen from

Equation 19 and is discussed by Armour and Carter (Reference 9).

The detector shown in Figure 4 is a solid-state Si, surface barrier
type and is monitored by a multicharnel analyzer. A scattered ion, upon
entering the detector, creates an electronic pulse which is proportional
in size to the particle's energy. This signal is amplified and stored
in the multichannel analyzer according to its energy, so that all ener-
gies are continuously accepted by the detector while a scattering ex-
periment is being performed. That is to say, a complete spectrum like
that shown schematically in Figure 1 is obtained during a single run of
perhaps 15-30 minutes while holding the sample at a fixed angle as it is
struck continuously with a 3 x 10'9 ampere current of 2 MeV He ions.

The convenience and efficiency of being able tu accept all backscattered
particles (within the solid angle of the detector) and to electronically
discriminate between their energies, requires some compromises, namely,
a reduced counting rate to avoid "pulse pile-up” and a reduced energy
resolution. Pile-up occurs when two ions enter the detector within the
time resolution of the electronics, then the two pulses add and appear
as a single pulse with an energy equal to the sum of the two smaller
pulses. Pile-up problems are minimized by using electronic pile-up

rejection circuitry in addition to reduced ion currents. Solid state

12
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detectors also have a limited energy resolution at room temperature of
about 15 keV for a-particles (He ions) in the 1-2 MeV range. In Si,
this converts to a depth resolution of about 3003 at normal incidence,
though a much better depth resolution is possible by using a low angle
of incidence as described in Section II1.2.e. In presently used sophis-
ticated backscattering systems, the detector represents the basic re-
solution limitation. One notable exception is the apparatus developed
by Bggh (Reference 10) which uses a magnetic spectrometer and provides
dramatically improved resolution for both mass and depth measurements.
The major limitations of the magnetic analyzer, however, are the long
time and large total ion dose required to obtain a single backscatter
spectrum since the energy axis must be scanned and hence the count rate

will necessarily be low for a narrow energy "window".

The final experimental parameter for consideration is the mass of

the probe ions, which has a large effect upon the energy separation of
the ions after being scattered from targets with different masses. That
is, heavy probe ions (except for very 1light targets) resuit in a greater
mass resolution than do lighter ions for the same initial energy, as
shown graphically by Mayer, et al. (p. 142 of Reference 1). Unfortu-
nately, the resolution of solid state detectors degrades with the probe

2 ions of larger mass as shown by Bergstrom, et al. (Reference 11) (also

p. 142 of Reference 1). In the case of carbon as a projectile, Chu et

al. (Reference 12) show that no significant gain in resolution is achieved,

though a real gain is realized in terms of reduced pile-up with both C

13
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and N so that the sensitivity for heavy impurity detection is improved.
Feldman et al. (Reference 4) show C to be useful for their specific
need, i.e., examining lTow concentrations of shallow implants in GaP.
However, for low mass targets, the mass sensitivity is decreased for
increased probe ion mass and, in fact, backscattering is not possible
for a probe mass equal to or greater than the target mass, as discussed
previously. Heavy projectile ions also cause problems in terms of
increasing the radiation damage in both the target and detector over

that observed for He ions.

A1l factors considered, 4He is the best compromise for most experi-
ments and is the ion used exclusively for the experiments described in
this report. Typically, He ions (or a-particles) with an energy of
2 MeV were used, and measured by a solid state detector at a scattering
angle of 168°. These choices permitted seeing masses as low as ]ZC

with ease, yet provided sufficient mass resolution and sensitivity for

the heavy targets and impurities such as Hf and Au.

b. Scattering Depth
For elastic scattering, the energy before and after scattering are

related by Equation 3
At
E= e, (3)

where

TR e i
k2 s Bcosp + {1 - B~ sin ¢} (4)
B+ 1
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where
P M]/M2

recalling that M] is the projectile and M2 the target mass and that E0
and E are the incident and backscattered energies, respectively, of the
probe particle. In Figure 3, Equation 4 permits calculation of the
target mass, MZ’ from the position of the front edge (or energy ES)

of the spectrum when M] and E0 are known. Determination of M2 is sim-

plified with the use of Equation 5 which is an inversion of Equation 4:

2
A L (5)
1+ k™ - 2k cosd

It is possible, with the aid of Figure 4, to work out the rela-
tionship between the energy of the backscattered particles and depth.
The measured probe ion energy, E, at the detector results from stopping

power losses before and after scattering in addition to a scattering (or

kz) loss
t/c058] 0
2 dE
E =k E -~ -— dx = dE
0 dxy 1 E;E dx, : (6)
. b
cost,
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where gg' and EY' are the stopping powers for the particle going into
1 2

the target and the particle coming back out after scattering. In the

energy region used for this work, the stopping power relations are

slowly varying functions as can be.seen from the results of Northcliffe
and Schilling (Reference 13). It is therefore practical for moderately

thin layers (i.e. several thousand A) to use average values for %%» =S (Eo )
dE 5 (k2 - ;
and X, =S (k [Eo-tS (Eo) ]) and to further approximate the energy

during the gg» phase with szo' Then Equation 6 becomes
2

B t S 2
E=k [Eo % 3555; 3 (EO)J cosf, 3 (k Eo)

which can then be solved for the depth at which the elastic collision

oceurs
2
k Eo <

k2 (7)

1
COSO S(E ) iz a‘)*se*z S(k E )

in the units of ug/cm2 when S is expressed in energy/ug/cmz.

c. Dopant Profile

The depth information contained in Equation 7 is of particular
value when an impurity, such as an implanted layer, is present in the
substrate. In such a case, if the impurity mass, Mi’ is greater than
the substrate mass, Ms’ a RBS spectrum such as that shown in Figure 5
will be obtained where the impurity peak at Ei appears at a higher

energy than the substrate edge, ES. The impurity mass with the aid of

16
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Equations 3 and 4 can be employed to calculate the scattered energy,
k?Eo, to be anticipated if any impurity atoms were located on the sur-
face. The difference kao-Ei is then the energy loss experienced by the
probe in traveling through the lattice of the substrate to and from the
implant. With the aid of Equation 7 and the stopping power and density
of the lattice, the depth of the implant maximum and the profile with
depth can be determined. These are the primary parameters that are

required when implanting ions and are also the parameters that are

tracked during annealing.

d. Thin Films

Another important (and often used) application of Equation 7 is for
measuring the thickness of a passivating film deposited on a substrate.
In this case, one obtains a RBS spectrum like that illustrated in Fig-
ure 6 for a silicon oxide film on a substrate with a mass greater than
that of Si, which in turn has a mass greater than that of 0. In Fig-
ure 6, the energy loss suffered by the probe particle traveling in
through the film, colliding with a substrate atom at the interface, then
traveling back out through the film is EO-ES. Without the film, the
energy loss of the ions would be Eo - kiEo so the additional energy loss
due to the presence of the film is kEE0 - ES which when substituted into
Equation 7 for szo - E yields a film thickness in cm if the stopping

power and the density of the film are known.

In some circumstances, it is possible to determine the stoichiom-
etry of the film by comparing relative yields of the film components

with the aid of Equation 1 when expressed in the laboratory frame of

reference. This point is discussed further in Section 3.
17
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BACKSCATTER
YIELD
3
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Figure 5. Schematic RBS Spectrum for an Impurity Layer (Hass=ﬂi) Near
the Surface of a Substrate Material (Mass=M_), Where
Mi>MS. Eo Is the Incident Energy of the Prébe Beam.

BACKSCATTER
YIELD

!

OXYGEN PEAK
— SILICON PEAK

1& L1 ,  ENERGY OF

Eg tf[. Eo BACKSCATTERED (ONS
Figure 6. Schematic RBS Spectrum of a High Mass Substrate Coated with
a Low Mass Silicon Oxide Film. The Energy k¢E, Represents
the "Edge" Energy for Scattering from the Substrate with
No Film Present and Eg Represents the Observed Edge Shifted
Due to Stopping Power Losses of the Probe Particles As They
Travel Into and Back Out Through the Film.
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e. Angle of Incidence

Not infrequently, an unknown impurity peak will appear in the
spectrum and it is desired to know its mass. If in fact the impurity is
at the surface of the sample, then with the aid of Equations 3, 4, and 5
the mass can be calculated since ¢ is known for a given experiment and
k2 is measured from the peak position. However, the peak position may
be the result of mass and stopping power effects if the impurity is

below the surface, a fact that can be definitely established by running

backscatter spectra at more than one angle of incidence (8] in Fig-
ure 4) . This change in angle will change the path length and result in

an energy shift of the impurity peak position due to stopping power

effects if the impurity is below the surface and no shift if it is on
the surface. For the case of the impurity located below the surface, an
estimate of the path length (or depth in the sample), the stopping power
losses, and finally, the impurity mass can be made by measuring the

amount of shift observed between the two spectra.

Altering the angle of incidence of the probe particles (e] in
Figure 4 ) can also be used to permit a dramatic improvement in depth
resolution over what is possible using the conventional "normal" inci-
dence geometry (e] =0 ). The magnitude of this improvement can be

roughly estimated by calculating the relative increase in the distance

traveled by the projectile ion in the sample for different angles of
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incidence. MWith the help of Figure 4, it is seen that for a scattering
event at depth t the total path in the target = x; * Xy = t (llcose]
+ 1/cost, ). so for 6, = 0 and 0, = 12°

X + Xy = 2.02 t
while for 8] = 80° and 92 = -68°
X + Xy = 8.43 t.

Therefore, the path length for 61 = 80° has increased by a factor of
4.17 over that for normal incidence. This increased path length im-
proves the depth resolution of the measurement, because it means greater
stopping power losses, and therefore a greater energy change, for an ion
entering at 8, = 80° than for one entering at e] = 0 even though both
scatter at the same depth t below the surface. Present backscattering
systems are limited primarily by the detector's energy resolution as
discussed previously, so these increased energy losses experienced by

the ion help solve the problem. The relation between depth resolution
and detector resolution is seen directly by evaluating Equation 7 for

scattering at two different depths t] and t2, then taking the differ-

ence:

R o < St (8)
1 2
E%EE;’S (Eo) * cosb, S (k Eo)
20
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Taking AE = E2 - E1 as the detector's energy resolution, typically 15
keV FWHM (full width at half maximum), then At = t - t2 represents the

depth resolution. Rewriting Equation 8 for convenience,

At = ‘[iE-]- (9)
where
K- ) 2
151~ carr $ (Bo) * zosm; S (o) e

and noting that for a given target [S] is a function of 1) and 62 while
AE is a constant for a particular detector, it is possible to calculate
relative depth resolutions for changes in e] and 92 as indicated in

Equation 11

ot (e] =y) = At (e] =0)_LE_S__:32_]_ (M)

recalling that 6y + 6, = 12°. For example, if the scattering takes

place with a very heavy target atom ( j.e. B =0, kz = 1 ) so that
i 2 = 80°

s (€,) =5 (k E, ), then Equation 11 gives for y = 80°,

st (6, = 80°) = bt (8 = 0) xa—f-.,-,
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which is the value found above using only the change in path lengths for

the two angles of incidence. This result tells us that a given detector
energy resolution corresponds to a smaller depth change in the target at
glancing incidence than at normal incidence, so the resolution is in-
creased accordingly, i.e. by 4.17 in this case for 0, = 80° and by 7.4

for e] = 85°. In the case of real targets, the k2 and stopping power values
are important, for example using 2 MeV a-particles in 5102, the reso-

lution improves in going from 8, = 0 to e] = 80° by factors of 3.27 and

3.93 for scattering from oxygen and galluim, respectively.

As mentioned previously, another way to use the glancing incidence
method, which is directly related to the earlier resolution discussion,
is to change the "apparent" depth at which some particular scattering
event occurs by changing the angle of incidence. Rewriting Equaticn 7
for scattering from depth t,

2
kEo-Ee,_o

ol _ 12
(5(°1= 5,

3]

with 8y = 0, and subtracting from a similar equation for scattering at

the same depth t but with e] = vy, Equation 13 results,

(szo . se],y) . (szo : Ee],0> L (b (13)

[5(%°9) ]

T T
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which gives the change in energy observed in the backscatter spectrum
for the increased angle of incidence. The changed energy, and hence the
increased apparent depth of scattering, is related to the normal depth
by the same factors found above for the resolution increases, e.g. 3.97

for scattering from Ga in SiO2 with 8] = 80° and b, + 92 = 12°.

In addition to the resolution improvement and apparent depth change,
the glancing incidence technique also permits detailed analysis of quite
thin films that would normally be less than the detector resolution at
normal incidence. In the case of compound films, the incident angle can
be adjusted to yield a maximum apparent film thickness that still avoids
overlap of the components. Some applications of the technique are il-
lustrated in Sections IV.1, IV.2, V.3, and V.4.a where the examinations

of several film types and thicknesses are described.

Unfortunately, this 1ist of advantages realized by simply changing
the angle of incidence is not free. When 61 is about 70° or larger, the
experiment becomes far more sensitive to the ion beam divergence and de-

tector acceptance angle which are functions of the experimental apparatus,

more sensitive to small angle (multiple) scattering and energy straggling
which are bulk effects in the sample, and far more sensitive to the
sample's surface condition. All of these factors along with the de-
tector resolution reduce the overall resolution of the measurement
because they detract from the ideal experiment, which would consist of a
particle of perfectly defined energy Eo entering a target sample at a

perfectly defined angle, experiencing a smooth and continuous stopping

23
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power slowing force, undergoing a single Rutherford collision, and

traveling out again smoothly before detection at a precise energy and at

the same precise angle into which it had been scattered. However, in a

real experiment all of the above factors enter and reduce the observed

resolution:

1)

2)

3)

4)

5)

divergence in the ion beam before striking the target means in

effect that the angle of incidence is not exactly defined,

a finite angle of acceptance at the detector means that the

angle through which the detected ions have been backscattered

is not exactly defined,

multiple scattering, which consists of many very low angle
scattering events and increases with distance traveled in the
target, can gradually alter the ion's direction and means

reduced precision in defining the Rutherford scattering event,

energy straggling, which is energy spreading of an originally
monoenergetic beam, is a product of the statistical nature of
energy loss processes; like multiple scattering, it increases
with distance traveled in the target and detracts from pre-

cisely defining the RBS event, and

surface roughness of the sanple, if long-range impairs pre-
cisely defining the angle of incidence, and if short-range

interfers with exactly locating the sample's surface.
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These factors have been examined carefully by Williams (References 14,
15) and their relative effects have been evaluated and tested experi-
mentally. Williams finds that experiments can be performed with a 5°
angle of incidence (6] = 85°) and reasonable counting rates if care is
taken with controlling the experimental parameters and with sample
preparation. This 5° angle of incidence can result, for example, in a
depth resolution of about SOR (compared to about 3503 at normal inci-
dence) for near-surface analysis of heavy atoms in Si. He experimen-

tally demonstrates the practical operating ranges for the experiment:
1) an ion beam divergence of about 0.05°,
2) a detector acceptance angle of about 2-3°,

o
3) a bulk sample thickness of about 500A in a light lattice (A1),
(-]
about 300A in Ge, and considerably less in heavy materials
such as Au before a noticeable decrease in resolution is seen,

and

4) a carefully prepared target surface such as that obtained by

vibratory polishing and etching.

This technique for increasing the spatial resolution of RBS by
means of a glancing angle of incidence is newly developed by Williams
(References 15, 14) at the University of Salford and has been used
extensively in obtaining the results on thin films described later in
this report.

25
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3s STOPPING POWER

The stopping power of a material (or target) is the energy loss ex-
perienced by a probe icn as it travels through that material. The
amount of energy loss is dependent upon the number of target ions with
which the probe ion interacts and therefore is generally expressed in
energy loss per mass/area. In addition to being a function of the probe
and target ions, the stopping power is also dependent upon the probe ion
energy, but can be conveniently determined for most probe-target-energy
combinations by means of the results given by Northcliffe and Schilling
(Reference 13). Northcliffe and Schilling (Reference 13) present in
graphical form the stopping powers for solid materials relative to Al
(Figure 9 of Reference 13) as functions of E/m of the probe beam.
Additionally, they present the stopping powers in Al of several ijons

(Figure 2 of Reference 13) also as functions of E/m and in units of
keV

ug/cm
ion with a given energy can be calculated in a particular material. For

Combining these two numbers, the stopping power of the desired
example, for 2MeV a-particles in Ga, Figure 9 of Reference 13 yields

(dE/dx) ;
Ga . 9,62
ldE/dxjA]

at E/m = 0.5. From Figure 2 of Reference 13,
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SO

(dE/dx)A] = 1.00

therefore:

(dE/dx) ., = 0.62 keV
a
ug/cm

To obtain the stopping power as a function of thickness, it is necessary

to multiply by the density, which for Ga is
= 5.91 g/cm’
Pga = -7 9
which yields

(dE/dx)Ga = 36.64 eV/A

The stopping power of a compound can be obtained in a similar way
by using Bragg's additivity rule as given by Northcliffe and Schilling
(Reference 13, p. 244)

m

(&) (5)

d*t comownd . 1§ Y A;E i (14)
(&), tigesacd t 130
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where (dE/dx)i is the stopping power of the element with Ni atoms of

weight Ai and M is the molecular weight. For example, for 5102,

dE

e wut U %]

(ge_ - & 28~(£ + 32 (g_s) (15)
X/ p) dx / a5 dx/

which yields, for Si02 deposited on GaP being probed by 2MeV a-par-
ticles, values of

S (E,) = 1.077 keV
ug/cm

for the ingoing particles and

2 . keV
S (k Eo) 1.160 e

for the particles reflected by Ga particles at the interface. These
stopping powers yield values of 24.12 and 25.98 eV/X, respectively for
the incident and scattered a-particles using an S1‘02 density of 2.24
g/cm3 as given by Chu et al. (Reference 16). This stopping power data
can be used to calculate the thickness of the SiO2 film directly in R
by combining it with the shift in the position of the Ga edge, szo - E

expressed in eV, in Equation 7.
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Experimentally, the stopping power can be measured with quite good
accuracy by using a marker (such as a heavy implant or thin evaporated
layer) behind a known thickness t of the material for which S(E) is
desired. For RBS from a heavy marker such as Au, the scattering loss is

less than 10% so S (Eo) 5 S( szo) and Equation 7 becomes,

; 2
k Eo - E

545,) t( 3 : ) (16)

+
COSG] cose2

which represents a very good approximation for near-surface scattering.
The angle of incidence can be varied to test the thickness range over
which the S (Eo ) =S (szo ) approximation is valid by changing the ac-
tual path length traveled by the ion.

Basically, Equation 16 represents the approach taken by Thompson
and Mackintosh (Reference 17) to examine stopping powers as functions of
energy in Si and SiO2 and additionally to test Bragg's rule, Equation 14.
They find that the measured values of S(E) for S1'02 are higher than the
values calculated using the Bragg rule for ion energies above 800 keV
and differ by about 10% at 1.7MeV. They suggest that the stopping power
is dependent upon the physical state of the atoms of which the compound
is composed, noting that the oxygen stopping power values used for the
calculations were taken from measurements on 02 gas. The measurements
made by Feng, et al. (Reference 18) to test the validity of Bragg's over
the energy range of 0.5 to 2.25MeV find that it holds for three metal

alloy systems and for two iron oxides within their experimental error.
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They find a disagreement of 10-20% between the calculated and measured
values for A1203, however, but believe that it could very likely be due
to errors in the available data on Al. Therefore, it appears that the
reliability of Bragg's rule is primarily a function of the input data,
and consequently when performing experiments which are very sensitive to
stopping power values the only safe route is to measure directly the

specific systems being examined.

4.  LABORATORY COORDINATE SYSTEM

The differential scattering cross section do expressed in Equation
1 is given in the center-of-mass frame of reference as indicated. How-
ever, experiments are performed in the laboratory frame, so it is neces-
sary to transform Equation 1 into the laboratory coordinate system.
This conversion is particularly important for accurate checks of stoi-
chiometry even though some workers have ignored all contributions except
the 22 ratios which avoids the inconvenience of transforming to the

laboratory frame, but usually introduces considerable error.

Rewriting Equation 1

Q

gt ) : 2
(%) - <_12_§__ &) Sin;r( ) (1)

| @
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recalling that B8 = M]/Mz. The center-of-mass angle 6 is related to the
laboratory angle ¢, defined by Figure 4, by Equation 18 (see for ex-
ample, Reference 9)

_ __sing 18
tan ¢ = 5 ¢os0 el

from which the inverse relation can be derived (Equation 19):
8= ¢ + Sin'] (B sin ¢) (19)

It must be noted that the solid angle into which the particles are back-

scattered

= i 20
da, . = 2m sinods (20)

must also be converted so that the differential scattering cross section

becomes expressed completely .in the laboratory angle ¢.

Substituting Equation 19 into Equations 17 and 20 and combining,

Equation 21 results

2
2 : 2
(do ) 3 (Z1Z2e ) 1 (cos¢ * {1 < stinz Ql]/z) (21)

2t sin4¢ - 82 sin2¢}17?*

which is the form expressed in Reference 19 (which deleted the 1/sin4¢
term). In some cases it may be useful to express (do/d2) lab in center-

of-mass angles, in which case it is readily shown that

1+ R cos O

do =
(1 + 62 + ZBcose)

Lab.

72 %% .m. (22)
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so the scattering yield in the laboratory system is expressed by Equa-

tion 23

2 3/2

Z
(gg) : (leze ) B+ 11 ] U g2 + 28 cose) (23)
@/ . 2E Sinlf( ) (1 + Bcosh)

o+
| @

This form is primarily of value when one is interested in evaluating the
relative contributions of the different terms in stoichiometry calcula-

tions, which in the case of GaP shows that merely using the Z2 ratio

g
(zGa/zp> = 4.2

while the correct ratio is significantly greater

(do/dsz)Ga

THE7E§7;~— = 4.3731

at $ = 150°. However, when using the form of Equation 23, care must be
exercised to use the correct angles, for example at ¢ = 150°, bga =

151.645° and Op = 153.705° (Equation 19).
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SECTION III
IMPURITY DETECTION AND STOICHIOMETRY

1.  GENERAL

The Rutherford backscattering technique offers a method by which
the stoichiometry of compounds can, under favorable conditions, be
measured to an accuracy of about a percent and the presence of impuri-
ties can be established generally to a fraction of one percent. This
capability is of particular value when in the case of films deposited by
different techniques it is necessary to know which method yields the
desired ratio of components and whether or not impurities are intro-
duced. RBS has also been employed to look at the introduction of im-
purities and compositional variations in the surfaces of compounds
prepared with different etches. The ultimate accuracy is limited by
geometric factors such as precise definition of the scattering angle and
beam divergence, by counting statistics and background, by detector
resolution, by multiple scattering and energy straggling, and by any
deviations from the Rutherford scattering relation (Equation 21) which
assumes no screening, an assumption that decreases in validity as the
jon's energy is reduced. Using a sufficiently high ion beam energy (1-
2MeV) and after exercising the experimental care described in Section
[1.2.e regarding low angle of incidence resolution improvements, sensi-
tivity in measuring stoichiometry and detecting impurities is further
improved by reducing the background and increasing the total count. The
background reduction is approached in several ways, namely, by using a
substrate of lower mass than the film and/or impurity, by examining
Tight impurities in thin films, and by using channeling in single cry-

stal substrates. All of these approaches are described below.
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The method relies upon the fact that the Rutherford equation is a
scattering probability so that the ratio of particles backscattered from
each constituent of a compound is proportional to the number of each
component present times the scattering probability as expressed in

Equation 24

w, &), i
YB (%% : NB

where YA and YB are the scattered yields (numter of backscattered par-
ticles) from components A and B and NA and NB are the number densities
of each component. This same equation is used to calculate the concen-
tration of implanted ions in which case the yield from the implant is

compared to that of the substrate of which the number density is known
and which allows the implant density to be calculated. Also, the con-

centration of impurities (in a substrate) can be estimated in a like

manner,

2.  SURFACES

Surface composition, principally stoichiometry, can be examined in
some detail by employing channeling techniques and comparing the surface
peaks (Figure 3) of the components. Hvalgard et al. (Reference 20)
demonstrated how different etches resulted in dramatically different
surfaces on their Te and Sn doped GaAs, and showed that some conditions
yielded surfaces that were highly Te or Sn rich. Morgan and Bggh (Ref-

erence 21) demonstrated in GaAs how the surface stoichiometry could be
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adjusted and impurities introduced by the particular choice of etchant.
Morgan and Wood (Reference 22) used the method to demonstrate its sensi-
tivity in three systems, InP, GaAs, and GaP. In Reference 22 the general
area of surface analysis is reviewed, experimental problems are discussed,
and experimental data are presented for the three systems, in addition a
summation is presented on the limitations of the technique both for

evaluating the surface stoichiometry and probing for impurities.

It should be noted that since the best spatial resolution for
Rutherford scattering is about 40-50 R (Section I1.2.e) and its probing
depth is about one um, RBS is not a surface tool in the same sense as is
Auger spectroscopy, for example, which examines a few monolayers. That
is to say, RBS can measure the presence of impurities and variations in
stoichiometry within its resolution but a complimentary high resolution

technique is required if greater depth sensitivity is necessary.

3. BULK COMPOUNDS

In general, the stoichiometry measurement is at best accurate to
only about one percent under good, low background conditions which makes
it of minimal value for any useable bulk semiconductor compound where
the background level is high for at least one comporent. The sensi-

tivity problems are discussed briefly by Carter and Whitton in Refer-

ence 23 for the case of GaP.
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4. FILMS

Films of several types have been investigated in various ways to
determine composition as a property of the film and as a function of
depth. Also, they have been examined as a function of the growth pro-

perties both in terms of their stoichiometry and impurity content.

It is worth noting here that with RBS the composition of films can

be calculated using experimentally measured quantities only without
requiring external standards or needing to introduce stopping power

terms, which are generally not known with a high degree of accuracy.
(Further, the stopping power depends upon the composition which would
introduce additional errors.) This point, which is summarized below and
experimentally only requires a sharp interface between the film and
substrate, is introduced and discussed by Meyer et al. (Reference 24)

and is examined in detail by Chu et al. (Refercnce 12).

Figure 7 shows schematically the backscatter spectrum for a SiOx
film. The energy AESi represents the energy difference between a-
particles scattered by Si atoms at the film surface and Si atoms at the
back of the film where it interfaces the substrate, likewise, AEO is
the energy difference for scattering from O atoms at the front and back
of the film. In Equation 24, the yield can be expressed as the area

under the peaks, so Equation 24 becomes

N AE H
e ) b W L 25
No AEO Ho (30 ) (25)
/g
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Figure 7. Schematic RBS Spectrum for an SiOx Film.

for the ratio of the number densities and is expressed in terms of

quantities directly determined from the spectrum. Also, the ratio of

stopping power terms can be determined from the spectrum which is seen
by rewriting Equation 7

A ES1 = [S]Si t

bEy=[Slyt

where
2

k
W 1 2
[5151 cosel S (Eo) y cose2 S (k E

Si o)

and likewise for [S]o.

37

(26)

(27)

(28)

M T




AFML-TR-75-55

The ratio of Equations 26 and 27 yield Equation 29 for any depth t:

Abey - 1S)gy 29)
AEO [S]O
This relation (Equation 29) also permits the establishment of a relative
depth scale which can then be émp]oyed to determine from the experimental

spectrum the composition of the film as a function of depth. That is,

Equation 29 is used to locate positions in both the Si and 0 peaks of
the backscatter spectrum that correspond to the same depth in the film

by selecting, for example, some desired AESi and solving Equation 29 for
AEO.
One of the major goals i< to decrease the background in the spec-
trum in order to increase the sensitivity of these measurements. Some
workers have approached this problem through the use of channeling
methods and others through the employment of low mass substrates or free
standing films. In general, RBS is used to examine heavy impurities in
a light lattice, for example Ga in S'iO2 which will be explored in Sec-
tion V. It is also possible, however, to examine light impurities in a
heavier lattice by using a thin film on a very light substrate. For
example, the range and profile of Si implanted into Ge can be measured
directly with RBS by depositing the Ge on a C substrate. In this case,
if the Ge film thickness is chosen carefully, the Si peak in the RBS
spectrum will appear between the back edge of the Ge film and the C edge
of the substrate. The most dramatic demonstration of this approach has
been given by Blewer (Reference 25) who examined He implanted into Cu by
probing a free-standing film with protons of sufficient energy to enhance

the He backscatter signal with a resonance.
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The following subsections review some of the relevant work that has
appeared in the literature examining passivating films, while Section IV
uses experimental results to demonstrate the analysis of compound films
prepared on low mass substrates by both RF sputtering and thermal evapo-

ration.

Presently, some very useful review articles exist. For example,
Morgan (Reference 26) discusses several types of films (SiOx, CuZO,
Can, and CdS) and suggests that RBS may be a method by which to locate
the source of the erratic electrical behavior that has been observed in
insulating films by many workers. He proposes that the electrical
properties of the films are related to the composition and impurity
content which can be determined from backscattering. Chu et al. (Ref-
erence 12) present a very extensive review of the application of ion
beam analysis techniques to films and surfaces. They discuss several
energy ranges including nuclear reaction analysis and comment on some of
tie practical experimental considerations. A short review by Mayer and
Turos (Reference 27) compares RBS to some of the other experimental
techniques for examining surface layers. Another article by Mayer et
al. (Reference 28) briefly reviews the range of work carried out by the
group at the California Institute of Technology looking at surfaces by
the backscattering method and includes evaluation of oxides as well as
diffusion of metals used for contacts. Finally, a review by Mayer
(Reference 2) discusses the advantages and disadvantages of using chan-
neling for semiconductor analysis and includes discussions on epitaxial
layers, impurity atom location, alloying, and defects in compound as

well as amorphous films.
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a. Silicon Oxide - Literature Review

Technologically, silicon oxide is an important insulating film, and
is used principally as a masking material in Si integrated circuits as
well as a surface protective layer during the annealing of a variety of
semiconductors including GaP as shown, for example, by Feldman et al.

(Reference 4) and Hemenger and Dobbs (Reference 29). Also considerable

literature exists on its electrical properties, see for example the
review of Dearnaley et al. (Reference 30). In an effort to find cor-
relation between its method of growth and electrical behavior, Morgan
and Gittens (Reference 31) have examined S1‘0x films prepared by dif-
ferent techniques using backscattering. Their primary contribution is
preparing films on carbon substrates which dramatically reduces the
background thus permitting stoichiometry measurements to an accuracy of
about one percent and detection of impurity concentrations of approxi-
mately ]0]8/cm3. They prepared films by evaporation, sputtering, ther-
mal oxidation of Si, and ion implantation of 0 into Si. Related work on
S1'0x and some other insulating films is discussed by Morgan in Refer-

ence 26.

Some early work by Meyer et al. (Reference 24) looked at relatively
thick S1‘0x films on Si prepared by thermal oxidation, anodizing, sput-
tering, and deposition from SiH4 and 02 using channeling to reduce the
background. These investigators also introduced a line shape extraction
method based upon channeling which has since been expanded. The results
in Reference 24 indicated a variation in stoichiometry with thickness,

but all the films were on average nearly 5102. More recent results by
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Chu et al. (Reference 32) and Sigmon et al. (Reference 33) using a line
shape extraction technique of increased sophistication also showed a
strongly Si rich interface region for anodically and thermally grown
very thin oxide films on Si. The method employed channeling to assist
in carefully extracting the contribution made by Si in the film. The
method used is based upon the technique introduced by Meyer et al.
(Reference 24). It was carefully developed for examining A1203 films on
Si by Mitchell et al. (Reference 34) where it is described in great
detail. Line shape extraction is required because of the overlap at the
interface of the contributions to the spectrum from the Si (or Al) in
the film and the Si in the substrate which hides the background and thus
obscures the precise contribution to the spectrum from the Si (or Al) in
the film alone. In spite of experimental difficulties, the results
presented in References 32 and 33 are convincing due to the care taken

in application of the method.

b. Silicon Nitride - Literature Review

Silicon nitride films are used as passivation layers on semicon-
ductors and are possibly an improvement over silicon oxide for some
applications, as discussed by Harris et al. (Reference 3), Chu et al.

(Reference 35), as well as by Section V.2 of this report.
Films grown by deposition from SiH4 » NH3 mixtures have been ana-

lyzed using RBS which has shown stoichiometry variations both overali

and as functions of depth in the films when the silane to ammonia ratio
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is varied as shown by Gyulai et al. (References 36, 37). These stoi-
chiometry variations were correlated with measured changes in the densi-
ty, dielectric constant, and index of refraction of the films. Films
grown from silane and nitrogen have also been examined by Meyer and
Scherber (Reference 38) using the backscattering method, in which case
the stoichiometry of the films was found to vary with varying silane
concentrations, but the density of the films tended to remain constant
as well as the composition through the films' thickness. Reactively
sputtered films of silicon nitride have been evaluated by Croset et al.
(Reference 39) using a combination of the backscattering method and

nuclear reactions. In these sputtered films, Ar was found distributed
through the layers which were homogeneous, but which had a variable

stoichiometry depending upon the N2 pressure during growth.

¢. Aluminum Oxide - Literature Review

Aluminum oxide, like silicon oxide, is of value as a passivating
and dielectric layer. Measurement of its stoichiometry by RBS, however,
presents additional difficulty for films deposited on Si substrates
because Al is a little more than one mass unit lighter than Si, a situ-
ation that leads to an overlap peak in the spectrum. The presence of
the overlap peak requires that additional care be taken to correctly
separate the contributions to the spectra from the film and the substrate.
This peak profile extraction has in fact been accomplished convincingly
using a channeling technique that is presented by Mitchell et al. (Ref-
erences 34, 40) who demonstrate the separation method using a free-

standing film that is used first to generate the Al and 0 peaks without
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any backing, then again with a Si crystal backing and application of the
channeling extraction technique. The Al and O profiles obtained from
the two measurements show excellent agreement and show the films to be
stoichiometric. Reference 34 also looks at the stoichiometry, density,
and C1 content of films deposited hydrolytically on Si substrates at
different growth temperatures. Kamoshida et al. (References 41, 42)
examine other properties of hydrolytically grown A1203 films, in par-
ticular the effects of various anneals upon the films' final structure

which is examined as a function of depth.

d. Native Oxides on III-V Semiconductors - Literature Review
Oxides grown on GaP both with and without an external anodic vol-

tage have been examined by Poate et al. (Reference 43) for their chemi-

cal compasition using Rutherford backscattering. A difference in both
the stoichiometry and oxygen content were found for films produced by
the two methods, in particular a Ga-rich layer was present near the
surface of the specimens grown with an applied voltage, while the films
grown without the applied voltage showed a uniform compositinon. Further
work by Poate et al. (References 44, 45) on films grown on GaP crystals
in solutions with various pH values also demonstrated films with uniform
and variable compositions using, 1ike Reference 43, the analysis de-
scribed by Mitchell et al. (Reference 34). This later work showed that
the films' average Ga/P ratio varies, being most nearly stoichiometric
in the films that were least uniform in composition, i.e. had a Ga

build-up near the surface.
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Anodic films grown on GaAs have been examined using a combination
of RBS and ion-induced x-rays as reported by Feldman et al. (Reference
46). In this case the backscattering method alone provides an oxygen to
Ga and As ratio and only an indication of the distribution of Ga and As
through the film because Ga and As are so close in mass. The increased
mass resolution provided by ion-induced x-rays measured at glancing
incidence, when used in conjunction with the RBS results, helps estab-

lish the ratio of the components throughout the film's thickness.
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SECTION IV
ANALYSIS OF COMPOUND FILMS-EXPERIMENTAL RESULTS

1.  SPUTTERED SILICON OXIDE-COMPOSITION

Films which are deposited using RF sputtering from a quartz (SiOZ)
source are commonly used to coat specimens for surface protection during
annealing treatments, and it was films of this type that were employed
for the experiments described in Section V. Therefore, it was necessary
to know the films' properties, and primarily the composition to see if

in fact SiO2 was being deposited.

The films were prepared in an Ar pressure of about 70um using a
13.5MHz source and a deposition rate of about O.SR/sec. For the mea-
surements described in this section, it was decided that deposition on a
vitreous carbon substrate would be the best approach. This technique,
as demonstrated by Morgan and Gittens (Reference 31), does not require
channeling for analysis as would be necessary for a film on Si, but
still reduces the background significantly. Also, it is more feasible
to use the glancing incidence method described by Williams (References
14, 15) with a carbon substrate which places no restrictions upon the
analysis angle, restrictions that are present when channeling is re-

quired.
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Shown in Figure 8 is the backscatter data from a silicon oxide film
depésited by RF sputtering onto a polished vitreous carbon substrate.
The experimental arrangement is shown schematically in Figure 9 which is
Figure 4 modified to fit this particular case. A 50° angle of incidence
was used because it maximized the apparent thickness of the film and
hence the resolution but still avoided overlap of the oxygen and silicon
components. This angle was varied experimentally to arrive at the 50°
setting, and demonstrates the value of this additional parameter that

becomes available when using the glancing incidence technique.

The data presented in Figure 8 was taken using 2MeV a-particles and
was collected in a multichannel analyzer set at 5keV/channel. Using

Equation 4 for Si and O,

&
kSi = 0.5668128
and
k2 = (0.363
0= 0 6936

which can be used with Equation 3 to calculate the expected positions of

the Si and 0 edges in the spectrum,

= 2 x 10° x 0.5668128

m
1

Si

1.1336256 x 10° ev
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Figure 8. Backscatter Spectrum from a Silicon Oxide Film on a Carbon
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when divided by 5 x 10° eV/channel yields for the edge

(channel #)Si = 226.725

and for 0,

(channel #) . = 145.477

0

which agree well with the half-height positions of the Si and 0 leading

edges in Figure 8.

Next, it is possible to calculate the thickness of the film from

each peak and check them for agreement using Equation 7,

2
k EO =i E

k 1 2
cosel S (Eo) P c0582 S (k Eo )

where the stopping power terms are found by the method described in

Section II.3 and are, for a 2 MeV a-particle traveling into SiOz.

keV

) = 1.0767 -
(%) i

for the a-particle after scattering from Si,

s (kgiEo Jiei1 2168 8
ug/cm
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and after scattering from 0,

2 5 keV
S (kOEO) = 1.446]
ug/cm

For Si, the width of the peak is (227-175) = 52 channels which at 5 keV/

channe) gives 2.6 x 105 eV and is substituted for ( kéiEo - E ) in Equa-

tion 7
Jod 2.6 x 10°
Si k2 :
Si 1
Cos 40 > (Eo) * Cos (-28) S (kSiEo)

to; = 1.136 x 1074 g/cm2

which becomes, when expressed in A, for a bulk density of 2.24 g/cm3

(Reference 16)

t/p)g; = 5073 A (30)
and for the oxygen peak in Figure 8
ty = 1.09 x 107 g/’
and
t/0)g = 4881A (31)

which agree in thickness to better than 4%. The difference most likely

arises from errors in the stopping power functions because the ratios of
AESi/AEO (Equation 29) measured from the spectrum of Figure 8 and calcu-

lated from [S] values show a similar disagreement.
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To calculate the stoichiometry of the film, Equations 24 and 21 are

needed. For this case,

1/2
(32)

2
1/2
2 ( ' 2 iy } ) l 2L 2\]
( Zo ) cosp + |1 - BO sin ¢ 1 - ﬁSis1n ¢
2

53, 1/2) 1/2
Si (cos@ i {l - ugisin2¢, {1 - Bg sinzml
where Zo = 8, ZSi = 14, By = 4.0026/15.9994, Bgi = 4.0026/28.086 and
¢ = 168°. The yields Y0 and Ysi’ which are taken as the respective

areas of the profiles, result after substitution into Equation 24 in an
0/Si ratio of

No/Ng; = 1.858 (33)

which indicates that the film is somewhat Si-rich. A measurement taken
near the edge of the film gave a similar NO/NSi ratio, therefore the

film's composition is uniform over the surface, which is expected.

By looking at Figure 8, it is clear that no impurities are present
in large concentration. For example, a slight rise in the data is seen
in the vicinity of channel #290, which is found to correspond to a mass
of about 50 through the use of Equations 3 and 5. The concentration of
this impurity compared to the concentration of Si atoms is found through
the use of Equation 24 to be about 0.33%, which indicates the detection
1imit for this particular experiment. This sensitivity 1imit could be
reduced by making a longer backscatter run, thus improving the statis-
tics. It is worth noting that no measurable Ar appears in the film in
spite of the fact that the film was sputtered in an Ar atmosphere. The

position of the Ar edge is indicated in Figure 8.
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2. OTHER FILMS - COMPOSITIONS AND IMPURITIES

While pursuing the main program, i.e. exploring the behavior of Ga
in SiO2 films, opportunities arose during development of the technique
that called for its application to some other systems which demonstrated
important characteristics of the RBS method while simultaneously answer-
ing some immediate problems. The results of three such investigations

are described below.

a. Aluminum Fluoride

AlFx is an easily evaporated dielectric material which is being ex-
amined as a possible alternative to 5102. Some AlFx films, grown by
thermal evaporation from a powder, showed erratic electrical behavior
and a stoichiometry problem was suspected. To determine whether or not
this was a valid assumption, a film was prepared on a polished C sub-
strate and a RBS spectrum was taken at normal incidence which is shown

in Figure 10. In Figure 10, several features are immediately apparent:

(1) the "wings" on the F peak indicate a composition variation
with depth, with increased F concentrations at the interface
and at the surface (at the start and finish of the evapora-

tion),

(2) a heavy impurity, probably Au as indicated, is present through
the film,
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(3) an unknown impurity is present which gives rise to a small
peak near channel 233.5, its mass (if assumed to be on the
surface) falls between Si (channel 226.7) and P (channel

239.2) so it must be located within the film,

(4) no other significant concentrations of impurities are visible.

The composition of the film is calculated using Equation 24 where the
areas under the F and Al contributions are taken as the respective
yields:

NF/NAI = 3.16
A stoichiometric film would be A1F3 so the film in Figure 10 is slightly
F-rich, a not surprising result in view of the visible F wings. The
heavy impurity which is assumed to be Au was found from the spectrum to
have a number density of about 3.1 x lo]glcm3 which is approximately
0.14% of the Al number density. This concentration would be sufficient
to affect the dielectric properties of the film and is most likely the

cause of the observed problems rather than is the stoichiometry.

The starting powder was suspected of being the source of the Au, so
the RBS spectrum shown in Figure 11 was taken using as the target a
pellet compressed from the powder to see if in fact the Au was present.
Figure 11 shows no trace of Au within the sensitivity of the method

which indicates that the impurity is introduced during evaporation (note
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that Figure 11 does not extend out to the Au edge at channel 369.1 since
the spectrum was zero beyond the plotted range). An impurity near the
mass of Ca appears in Figure 11 that did not show in Figure 10. Pre-
sumably, it was introduced during formation of the pellet or was lost
during evaporation of the film. As in the film, an unidentified im-

purity is also just visible near channel 233.5.

The spectra of Figures 10 and 11 are instructive to the application

of RBS analysis in two ways:

(1) the sensitivity to the presence of heavy impurities (large 22)
is much less than 1% as shown here for a Au level of about

0.14% which was clearly visible.

(2) the improved stoichiometry sensitivity for films on low mass
substrates (thus low background) compared to bulk samples

(Figure 11) is clearly demonstrated.

b. Cadmium Selenide

Cadmium selenide films, because of their photoelectric and piezo-
electric properties, are of interest for a variety of applications
including transducers and solar cells. The films are generally n-type
due to selenium vacancies which give rise to a highly sensitive rela-
tionship between the resistivity and deviations from stoichiometry. The
films examined here were grown by vacuum evaporation of a CdSe powder
with deposition onto polished Si substrates (Si was chosen for the

substrate because of its low mass relative to Cd and Se). The final
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composition of the films grown in this way is a function of the sub-
strate temperature, deposition rate, and source temperature. The RBS
technique was chosen as one way in which the relationships between

growth conditions and film composition could possibly be established

while simultaneously checking the films' purity.

Two CdSe films were prepared at the two extremes of the available
deposition rates on Si substrates. Figure 12 shows a RBS spectrum for
one of the films obtained with the probe beam at normal incidence to the
surface (6] = 0 in Figure 4). From Figure 12, the thickness is found to

be nearly 1000A, and the composition using Equation 24 is

NSe/NCd = 1.04

which is several percent greater than the value measured for the other
film grown at a different rate. Also of interest in Figure 12 is an im-
purity peak near channel 370, a peak which did not appear in the spec-
trum for the other film. To determine the location of the impurity
relative to the surface of the sample, another RBS spectrum was taken at
a 30° angle of incidence and is shown in Figure 13. It is noted that
the surface peak position has not moved significantly between Figures 12
and 13, thus the impurity is located on the surface of the film. Fur-
ther, the impurity peaks' width is still within the detector resolution
(3-4 channels) which indicates a very thin layer. The particular im-

purity has a mass near that of Au, Pb, or Bi as indicated in Figure 12.
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In Figure 13, note also that due to increased spatial resolution at
the decreased angle of incidence, the CdSe film appears thicker thus the

Cd and Se components overlap.

c. Hafnium Oxide

Insulating dielectric layers of hafnium dioxide are being examined
for potential use in thin film capacitors. The films can be prepared by
several approaches, for example sputtering, evaporation of Hf in an
oxidizing atmosphere, or oxidation of Hf layers, and RBS appears to be
an ideal tool for selecting the most promising materials. The RBS

P results described below were taken on a sample prepared by first vacuum

depositing Hf onto a C substrate then baking the film in 02. RBS spec-
tra were taken in order to determine if the film was stoichiometric and

to identify the types and concentrations of the impurities.

The RBS spectrum shown in Figure 14 was made with the probe beam at
an angle of 30° to the surface. Unfortunately, due to a rather rough C
substrate, a lower angle of incidence led to a long Hf tail and was thus
not useable. In spite of rather poor statistics for the 0 peak, the
composition ratio for O/Hf was measured and found to be greater than
two. Therefore, adequate 0 is present to form HfO2 which was of primary
concern. Further, within the experimental accuracy, the oxygen is
distributed uniformly through the film, and no significant concentration

of impurities is observed anywhere in the spectrum.

This system illustrates a weakness of the RBS method, i.e. where

the components are greatly different in mass (and therefore Z2 values)
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greater care must be taken to obtain meaningful data. In this case, a C
substrate that was carefully polished, an increased running time of the
RBS spectrum, and a thicker film would have contributed dramatically to
an improved spectrum which could then have been optimized by adjusting

the angle of incidence.
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Figure 14. RBS Spectrum of a Hfox Film on a Carbon Substrate (e]=6o°).
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SECTION V
DIFFUSION OF GALLIUM IN ENCAPSULATING FILMS

1.  GENERAL

Insulating films such as SiO2 and 513N4 are commonly used as passi-
vating or protective layers on semiconductors to protect the surface
during processing. For example, Feldman et al. (Reference 4) as well as
Hemenger and Dobbs (Reference 29) have used SiO2 on GaP after implanta-
tion to guard against decomposition of the crystal during annealing at
temperatures up to 900°C. In Reference 29 the p-layer depth after
implantating with Zn, coating with sputtered Si02, and annealing for 1/2
hour at 900°C was estimated to be about 10um or less. Later results by
Dobbs and Hemenger (Reference 47) with the scanning electron microscope,
however, showed the p-layer thickness to be 4um. Further work (Refer-
ence 47) with a lower implant dose (10]4/cm2 ) showed similar behavior
after a 1/2 hour anneal, and additionally showed a p-layer that increased
in thickness with longer annealing times, a pattern that would presum-
ably have been observed in the samples with the larger dose ( ]O]G/sz )
if the annealing times had been extended. A maximum p-layer thickness
of 30um was observed in the samples after annealing for 100 hours. The
explanation for this p-layer that increased in thickness and in total
number of p-type carriers with increasing anneal times must derive from
some cause other than just the implanted Zn ions, because the total
number of carriers exceeded the number of implanted ions after rela-
tively short anneals. One model that seems feasible and explains the
observed behavior is that Ga from the GaP lattice diffuses out through
the SiO2 leaving behind Ga vacancies that behave as p-type defects. A

Titerature search revealed evidence to support this model (see for
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example the results found in GaAs by Harris et al. in Reference 3), but
1ittle work could be found that looked directly at the problem of Ga
diffusion in silicon oxide or silicon nitride at temperatures typical of
those used for annealing GaP (800-900°C), even though Frosch and Derick
(Reference 48) show that Ga diffuses readily through thermally grown
oxide layers on Si at temperatures of 1200-1300°C. Therefore, it was
decided to pursue this problem ehploying Rutherford backscattering as
the main tool; the results of the work are described in the following

sections.

2.  Ga DIFFUSION IN Si0 , SiN_, A1203, AND AIN - LITERATURE REVIEW
Some results have been reported in the literature that deal with
the evaluation of various dielectric materials for potential use as
protective coatings on semiconductors during processing. Early work by
Frosch and Derick (Reference 48) on the masking properties of thermally
grown S1‘O2 on Si, shows that Ga diffused readily through the SiO2 layer
in the 1200-1300°C temperature range. Gyulai et al. (Reference 49)
examined S1'02 and Si3N4 layers on GaAs crystals that were annealed up to
800°C and show evidence for Ga out-diffusion through both types of
layers. However, later work by Harris et al. (Reference 3), indicated
that Ga diffuses through S1’02 but is stopped or at least strongly re-
tarded by Si3N4. Because of more recent data, Mayer (Reference 50)
believes that the diffusion through Si3N4 reported in Reference 49
resulted from oxygen contamination of the films. Ga diffusion in the
dielectrics 5102, Si3N4, and A1203 was examined up to anneal tempera-
tures of 1000°C by Chu et al. (Reference 35) who ion implanted the Ga

then tracked its motion with RBS (Rutherford backscattering). It is

seen in Reference 35 that Ga does not move measurably in S1‘3N4 or Al1,0
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after annealing for 30 minutes at 1000°C, while in S1'02 it shows sig-
nificant motion to the surface after 30 minutes at 800°C and after 30
minutes at 900°C most of the implanted Ga has in fact moved. The rapid
Ga motion in 5102 is shown to be enhanced by the radiation damage caused
to the lattice during implantation. Pashley (Reference 51, Part II,
Chapters 1, 3, and 4) shows supporting evidence that S1'3N4 is more
effective at blocking Ga motion than is S1'02 and further gives evidence
that AIN may be an effective coating material which possesses the addi-
tional advantage of better adherence than Si3N4, a particularly serious
problem on a surface that has been implanted as shown by Eisen et al.

(Reference 52) and Pashley (Reference 51, Part II, Figure 11).

It would appear in the case of GaAs, that an S1‘O2 film not only
fails to protect the surface from Ga 10ss, but in fact has a "leaching"
effect so that coated samples which have been p-doped by implantation
show an enhanced p-type behavior over non-coated samples after high
temperature anneals as seen in some of Pashley's data (Reference 51,
Part 11, Table 1). However, the need for some sort of protective coat-
ing is necessary because Picraux (Reference 53) reports that after
implantation, As is lost from uncoated GaAs samples even at the rela-
tively low temperatures of 300°C, while Feldman et al. (Reference 4)
notes that uncoated GaP decomposed to give off both Ga and P, a result
supported by Sections V.4.c and V.4.d and Figures 23 and 24 of this
report. It is worth noting that 5102 is apparently effective at block-
ing As loss as are Si3N4 and A1203 since Chu et al. (Reference 35) saw
no motion during the high temperature anneals of the As which was im-
planted into these coatings. Presently, it can only be assumed that P
is Tikewise blocked by S1'02 and the other dielectric coatings.
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3. DIFFUSION OF IMPLANTED Ga IN SPUTTERED Si0, - EXPERIMENTAL RESULTS

2
After trying some other approaches (Section V.4) that were not pro-
ductive, it was decided to make a sandwich type sample consisting of an
implanted Ga layer between two layers of Si02. This was accomplished by
sputtering an S1’02 lTayer onto a Si substrate, ion implanting a 4.0 x 10]6/
cm2 dose of Ga at 20keV into the central region, then overlaying with
another sputtered SiO2 layer that was about 11503 thick as illustrated
schematically in Figure 15. This approach which is an extension into
undamaged material of the diffusion results in damaged material reported
by Chu et al. in Reference 35, was suggested by Davies (Reference 54)
after the problems described in Section V.4.b of this report arose with
the evaporated layers. The sandwich was examined before and after a
series of anneals in flowing argon at 850°C. This structure allows
"tracking" of the Ga with RBS as long as it remains in the Si02 and
permits observing the changing profile of the main Ga peak or source.
This approach also eliminates any other Ga sources which are present
when Tooking at S1‘02 on GaP, an approach mentioned below that was tried

and abandoned because of the contamination problem.

Figure 16 shows the RBS spectrum of the first S1'02 layer on the Si
substrate with the probe beam at an angle of 10° to the sample surface
(u] = 80°). The Si edge is located as it should be at channel 226.7 for
2 MeV a-particles and the multichannel analyzer setting of 5keV/channel.
The method illustrated in Section IV.1 can be employed here to measure
the film thickness by observi=y from Figure 16 how far the Si substrate
edge has been shifted from the surface Si position of channel 226.7
which is now occupied by Si at the surface of the 5102. The new Si

substrate edge position (in Figure 9 for 6, = 80° and 0, = -68°) is at
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Figure 15.

Figure 16.

Si
SUBSTRATE

IMPLANTED  /
GALLIUM

Schematic Il1lustration of the Sandwich Structure Employed
for Studying the Diffusion of Ga in Si02.
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channel 144.5 which leads to a thickness of about 26103. It should be
noted that the 0 edge is located at channel 145.5 and thus overlaps the
Si substrate edge, but is smaller. As a check, the SiO2 thickness was
determined at another angle of incidence where the edges did not inter-

fere and nearly the same film thickness was measured.

Figure 17 shows the RBS spectrum after implanting the 4.0 x 10]6/cm2
dose of Ga into the sample of Figure 16. The primary value of this Fig-
ure 17 is to establish the position of the Ga relative to the S1'02
surface by noting that Ga on the surface should appear at channel 318.6
which is indicated on the graph. This information is used in Figure 18
to identify the boundary between the first and second S1‘02 layers or the
damaged and undamaged layers, respectively. Also from Figure 18 the
height of the Ga peak relative to the height of the Si spectrum near
channel 220 is used with Equation 24 (see Section IV.1) to estimate the

Ga peak concentration to be approximately 9 x 102]/cm3.

Also visible in
Figure 17 are indications of at least two impurities, one near the mass
of Ar as indicated and another near mass 159. Ar could easily be pre-
sent due to the preparation of the SiO2 films in Ar. The heavy mass is
most likely a contaminant introduced during implantation due to double
or triple ionization of impurities. For example, Pb, mass 207.2 when
triply ionized is allowed through the magnetic analyzer along with the
singly ionized Ga ions, masses 69 and 71. Pb happens to be a common
problem, as will be discussed later in Section V.4.a, therefore, is most
likely the contaminant in this case. The leading edge of the impurity

peak in Figure 17 does not coincide with the indicated position of

surface Pb at channel 370.5 because it was implanted with an energy of
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Figure 17. RBS Spectrum of the Sample 1n F1gure 16 after Implantation
of Ga to a Dose of 4.0 x 1016/cm The Ga Edge is
Calculated to Appear at Channel No. 318.6.
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Figure 18. RBS Spectrum of the Sample in Figure 17 After the Addition
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and Second Films is Found to be at Channel No. 278 by
Comparison to Figure 17.
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60keV (due to triple ionization) and will thus appear at a lower channel

since it has a range well below the surface.

Figure 18 is the spectrum obtained after sputtering another 5102
Tayer onto the sample of Figure: 17. The Ga (as well as the Pb) peak is
shifted lower by about 40 channels and is somewhat broader due to mul-
tiple scattering and energy straggling which are both increased for the
a-particles after traveling through the additional surface film. The Ga
peak shift from channel 318.6 to 278 can be used to calculate the thick-
ness of the new surface film which is found to be about 11303. It is
interesting to note that a dip in the Si spectrum of Figure 18 is seen
centered near channel 185 which corresponds to the location of the Ga in
the SiOz. The dip results from the increased stopping power of the 51'02
in the vicinity of the Ga implant. Because the Si and O number densi-
ties are unchanged significantly by the addition of the Ga, application
of Bragg's rule (Equation 14) will yield a stopping power which is
greater for the SiOZ:Ga composite than for the SiO2 alone. The influ-
ence of this change in stopping power upon the spectrum can be seen by

writing the backscatter yield per channel for Si, YSi’

3 N do dz

Vg4 Ngy dogy

where dcsi is the differential Rutherford cross-section for Si, NSi is
the Si number density, and dZ is the depth increment corresponding to an

energy window one channel wide, i.e.

o Ak

dZ-T—S-T
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where AE is the energy per channel and [S] is the stopping power func-

tion defined by Equation 28. Therefore,

ik NSidOSiAE

Si [S]
which clearly shows how an increase in [S] results in a decreased back-
scatter yield for Si in the vicinity of any impurities that may be pre-
sent. The same sort of dip would be present in the 0 portion of the
spectrum but is not visible due to a low signal/noise ratio. This dip
in the Si spectrum of Figure 18 is not seen in “ordinary” RBS spectra
run at normal incidence (8] = 0) but becomes visible at 6, = 80° due to

the increased resolution of the glancing incidence technique as desc~ibed

by Williams (References 14, 15).

Figure 19 shows the sample of Figure 18 after a 30-minute anneal at
850°C in flowing Ar. The main points of interest are the shift of the
main or "source" Ga peak up to the interface, the formation of a small
Ga peak on the sample surface, the appearance of some Ga between the
source and surface peaks, and the reduction in the total amount of Ga
detected by about 20%. Note that the motion of the source peak quickly
through the damaged material up to the interface with the undamaged SiO2

film is consistent with the results reported by Chu et al. (Reference 35).

A RBS spectrum of this sample was also run at normal incidence to
check for diffusion toward the Si substrate; the results showed diffu-

sion toward the surface only and were consistent with Figure 19.
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Figure 19. RBS Spectrum of the Sample in Figure 18 After a 30-Minute Anneal
at 850°C. Note, the Shift in the Main Ga Peak to the Interface
(IF) and the Appearance of a Ga Peak at the Surface.
1000 pw
e
900" ... .
2 e Ga-318.6
z 800f WL o osi-2267
s o« P o' * \
I 700" .o '.l
o L
« 600} .
¢ 500} ‘. IF-278
(7]
£ 400}
% sea 2 MeV & -PARTICLES
3 ~  SkeV PER-CHANNEL °
200} . N
S\
1oo} % & \
P BN SRR Tt S AL o W |
160 180 200 220 240 260 280 300 320 340
CHANNEL NUMBER
Figure 20. RBS Spectrum of the Sample in Figure 18 After a 4 1/2 Hour

Anneal at 850°C.
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Four more 30-minute anneals and then a 2-hour anneal were performed,
resulting in a series of anneals at 1/2, 1, 1-1/2, 2, 2-1/2, and 4-1/2
hours. After each anneal, RBS spectra were taken at 10° and 90° inci-
dence, and in some cases at more than one spot to check consistency over
the surface, which was quite good. The data from the spectra taken at
10° incidence were plotted and the relative amounts of Ga present were
measured by taking the Total Integrated Count or TIC under the source
and surface peaks, that is, by adding the counts in each channel from
channel 245 through channel 330. Care was taken in each run to expose
the sample to the same integrated beam current, thus all the spectra
result from equal numbers of particles striking the target during the
collection of the data. In this way the TIC for the Ga of each run can
be compared to the other runs and will represent the relative amount of
Ga present. An estimate of the absolute amount of Ga can be obtained as
shown previously in Section IV.1 by comparing the Ga peak to the Si

spectra in which the Si concentration is known.

In Figure 20 is plotted the spectrum of Figure 18 after a 4 1/2-
hour anneal. The main features of note in Figure 20 are the position of
the source peak which has stayed against the interface with the undamaged
Si02, the size of the source peak which has decreased dramatically from
its size before annealing (Figure 18), the width at half-height of the
source peak which has remained essentially unchanged, the size of the
surface Ga peak which has remained nearly constant, and the disappear-

ance of the dip near channel 185 in the Si spectrum.
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Again, it is worth noting that checks at 90° incidence after the

various anneals showed no indication of Ga motion toward the Si substrate.

The major property of the spectra that has changed through the
series of anneals is the TIC of Ga which is plotted in Figure 21 as a
function of anneal time. Table 1 lists the total TIC data for the

various anneals as well as the surface peak and source peak TIC's.

TABLE 1 - TIC VALUES

Anneal Time Total TIC Source Peak Surface Peak

(hours) (counts) e TG

0 15,328 i 328 0
1/2 12,381 10,859 1,522

1 10,018 8,877 1,141

1-1/2 10,087 8,910 e Vit T

2 8,374 6,957 1,417

2-1/2 5,749 4.713 1,036

2-1/2 6,544 5,528 1,016

4-1/2 4,600 3,449 1,151

After 4 1/2 hours of annealing, the source peak is only a little over
three times as large as the surface peak, but the surface peak remains
nominally constant through the whole process. This observation would
seem to indicate that the surface peak size is controlied by the tem-
perature and the material (5102) such that the Ga evaporates only while
new Ga is supplied but will not drop below a concentration (approxi-
mately 5.9 x 1020/cm3) which yields the observed TIC of about 1100

counts even though the source may be depleted.
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Figure 21. Relative Amounts of Ga Observed in the RBS Spectra Before
Annealing and After Each Anneal at 850°C up to 4 1/2 Hours.
The TIC (Total Integrated Count) Is Proportional to the Total
Amount of Ga Present. The (.) Symbols Are for the Data of
this Section (Table 1) and the (X) Symbols for the Data of

Seetion V.4.b

(Table 2).
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A question that may arise concerning the explanation presented for
the observed spectra concerns the possible presence of pinholes in the
top SiO2 film. Such holes, if present, could cause Ga that was observed
by the probe beam through the holes to appear as though it was located
on the surface. No evidence for such pinholes is present although

strong evidence has been recorded that they do not exist:

1) in Section V.4.a below, Pb was implanted simultaneously with
Ga and its motion was observed along with that of Ga during a
total of one hour of annealing. As noted in V.4.a the Ga
behaved as described here while the Pb after moving to the
interface with the undamaged 5102 stopped and did not decrease
significantly and did not appear at the surface even after

further annealing, whicn rules out the presence of pinholes,

2) in all of the measurements, spectra were taken at both 10° and
90° incidence, which should show a dramatic change in the
ratio of surface to source Ga if in fact the surface peak was
being observed through pinholes. This variation was not

present.

It is worth noting that a RBS spectrum was taken off the implant
region of the sample, but near to the implant where the S1'O2 had become
,omewhat discolored during the annealing. The only trace of Ga in the
pectrum was a very small surface peak with no evidence of in-diffusion.

would seem feasible that this peak is the result of condensation of

has been evaporated from the surface peak of the implanted
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Tow:

The experimental results of Ga diffusion in S1'02 are summarized be-

1)

2)

3)

4)

5)

the source peak width at half-height remains nearly constant,

no motion by Ga toward the substrate is observed,

the surface peak forms during the first 1/2-hour anneal and
remains essentially constant through 4 1/2 hours of annealing

while the source peak decreases by over a factor of four,

a check outside the implanted region, but near to it, shows a
small surface Ga peak which may arise from evaporation from

the implanted region or from surface diffusion,

the source peak moves quickly as a whole up to the interface
between the implanted and unimplanted (damaged and undamaged)
SiO2 layers, with nearly all the motion occurring during the
first 1/2-hour anneal,

the source peak Ga appears to "leak" into the undamaged or top
SiO2 film, but once across the interface it moves rapidly to
the surface because very little Ga is seen between the inter-
face and the surface peak, though more is observed after the

start of annealing than before. The surface peak does not
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grow (or shrink) beyond a reasonably well fixed size in spite
of the fact that it is being continually "fed" at the changing
rate by the source peak that decreases in size by over a
factor of four, which strongly supports the assumption that Ga
is evaporating from the surface at a rate determined by the

rate at which it is supplied with Ga,

7) the rate of decrease in the source peak flattens out at Tong

anneals due to the fact that it is being depleted, and

8) it is not possible, due to the nature of RBS (see the intro-
duction), to comment as to whether or not the Ga is combined

with the 0 in some way and if so, how.

4. Ga DIFFUSION IN SiO2 - OTHER EXPERIMENTAL APPROACHES

Before settling on the sandwich technique described in Section V.3,
some other approaches were explored for evaluating the motion of Ga in
5102. Each of these experiments proved unsatisfactory for some reason
in terms of not addressing the main question or by introducing some
factor that made the results questionable. Each did, however, prove

instructive in terms of using the RBS method for thin film analysis.

a. Simultaneous Implantation of Pb and Ga into SiO2
The first SiOZ:Ga:SiO2 implantation sandwich was prepared (Fig-
ure 15) with Pb also present in the source region of the separator.

Since triply ionized Pb (mass = 207) will pass through the magnetic
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analyzer with Ga, it was simultaneously implanted. The peak concentra-

tion of Pb measured from the RBS data was approximately 10% of the Ga

peak concentration which was about 1.6 x 1021 Ga ions/cm3. The back-

scatter spectrum of the sandwich before annealing is shown in Figure 22.

This sample was given two 1/2-hour anneals at 850°C for a total of

one hour.

After each anneal a RBS spectrum was taken at 10° and 90° so

the motion of both the Ga and Pb could be observed:

1)

the Pb moved to the interface with the undamaged S1‘O2 during
the first anneal, then remained stationary; it did not show
any measurable diffusion to the surface or decrease in size

during the second anneal,

most of the Ga moved quickly to the interface during the first
anneal and some diffused to the surface, consistent with

Section V.3 above,

on the second anneal, the source peak decreased in size quite
dramatically while the surface peak remained about constant,

also consistent with Section V.3, and

the major deviation from Section V.3 was the observation that
a small part of the "Ga" peak seemed to remain behind and
showed no motion during either anneal. It seems likely that
this may be an impurity introduced during the sample prepara-
tion, though not necessarily during implantation since it

could be another mass and/or at a different depth than the Ga.
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Figure 22. RBS Spectrum of a Ga - Pb Implant into a S1'02 Film on Si,
Over-coated with Si0,.

To establish more information about the unknown peak described in 4)
above, the RBS spectra taken at 90° incidence were examined and showed
another small peak located at a Tower energy than the Ga peak, even
before annealing, and its position and size were constant through the
twe anneals. Its depth was determined to be in the vicinity of the
interface between the two SiO2 layers because in going from 6] = 80° to
6, = 0°, its position shifted by nearly the same number of channels as
did the Ga and Pb peaks. It was estimated from this information, that
if the unknown peak were located at the surface, it would fall at chan-

nel 300 which permitted a mass estimate of M = 55 to be calculated.

Because of the presence of impurities other than Ga, this sample
was not accepted for use in supplying the main data on the diffusion

behavior of Ga in 5102.
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b. Evaporation of Ga onto 5102

The initial attempt at making a SiOZ:Ga:SiO2 sandwich structure in-
volved depositing a Ga layer on the oxide layer, then overcoating with
another oxide film. After preparation and before annealing, however, it
became apparent that the top S1'02 layer had mixed with the Ga film,
rather than coating over the top of the Ga. This was concluded from the
RBS spectrum since the Ga peak has a smooth Gaussian-like shape for the
2003 (and 6003) thick film rather than a flat-top profile as it would
have for a continuous pure Ga layer. Further, the dip in the Si profile
(Figure 18) in the vicinity of the Ga did not drop to zero as it would
for a pure continuous Ga film of that thickness. In fact, the RBS
spectra looked very much like Figure 18 in which the Ga had been im-
planted. Also, the mixing proposal is consistent with the thickness of
the top SiO2 film measured from the shift in the Ga edge, which was much
less than would be the case if the 5102 were totally on top of a con-

tinuous film.

In spite of this behavior, three anneals were run at 850°C for 1/2,
1, and 1 1/2 hours. The results turned out to be very similar to those
described in Section V.3 for the implanted sandwich. In particular, the
Ga TIC (Total Integrated Count) for the deposited ZOOR film follows very
closely the data of Figure 21 for the same anneal times (see the Xs in
Figure 21) after the normalization to compensate for different running
times during RBS data collection. The collected TIC data is shown in

Table 2.
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%

TABLE 2. TIC VALUES

Anneal Time Total TIC Source Peak Surface Peak

(hours) (counts) TIC TIC
0 15,126 15,126 0

1/2 11,925 11,400 525
1 10,440 9,801 639
1-1/2 9,630 9,069 561

Overall, the general diffusion behavior in this sample appeared

quite similar to the implanted sandwich described in Section V.3:

1)

Rt

a surface peak formed during the first 1/2-hour anneal and re-
mained essentially constant, though smaller than the implanted

sample,

the Ga seemed to move only to the surface, not back towards

the substrate,

the Ga peak showed no significant broadening during annealing,

and

the Ga peak did not move as a whole which the implanted peak
did in its motion up through the damaged material to the

interface.

¢ S1'02 Coating on Implanted GaP

A direct approach to evaluating 5102 as a protective coating on im-

planted GaP was taken by implanting a specimen with 40keV Zn ions to a
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dose of 1016 ions/cm2 then coating both sides with sputtered SiO2 to a
thickness of about 1300A. The sample was examined by RBS before an-

nealing, then after total anneals of 5, 25, and 85 min., at 850°C.

Because of the similarity in mass between Zn and Ga, Zn was not re-
solvable as expected. The first Ga visible outside the substrate in the
RBS spectra appeared on the front (implanted) side as a very small peak
at the surface of the SiO2 after 25 minutes at 850°C. After an addi-
tional 60 minutes (85 minutes total) at 850°C, a large Ga peak was
present on the front surface as well as a P peak which is seen superim-

posed on the substrate spectrum in Figure 23.

Figure 23 indicates that a GaP film has formed on the surface of
the SiO2 which implies that GaP has evaporated through a hole or defect
in the SiO2 and then condensed on the surface. Unfortunately, no strong
evidence is present to indicate Ga diffusion through the film since no
Ga is detectable in the S1'02 film on either the front or back of the
sample. To pursue this approach further, both sides of the sample were
coated again with S1‘O2 and annealed for total times of 15, 30, and 90
minutes. Again, a surface peak formed on the front which became quite
large in 90 minutes as shown in Figure 24. In addition to the Ga peak,
Figure 24 show§, like Figure 23, a P peak at the surface which again
points to evaporation and recondensation of GaP on top of the SiO2 film.
Spectra taken of the back (unimplanted side).showed only a rather small
surface Ga peak, which was however, considerably larger after the second

series of anneals than after the first set.

79




|

AFML-TR-75-55

Figure 23.

Figure 24.
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d. S1'O2

In an
GaP into S
3003) laye
after anne

spectra in

esults of this series permitted no definite conclusions to be
erning the diffusion of Ga in SiO2 as is apparent in the

summary:

GaP appears to be evaporating through a hole in the S1'02 film

and recondensing on the surface,

the SiO2 film on the implanted side showed a bubbly appearance
after the first few anneals under a low power microscope
(about 30X), especially in those regions that had been probed
for the RBS data,

some Ga is apparently moving through the Si02 because after
the second S1'02 layer was added, the internal Ga peak shrunk
during the annealing but could not be definitively tracked due

to the growth of the Ga peak on the surface, Figure 24, and

the presence of Ga could not be positively detected within the

SiO2 film on either side of the sample.

Coating on GaP Examined by Channeling

other attempt to sensitively measure surface motion of Ga from
i02, a single crystal specimen was coated with a thin (250-

r of sputtered 5102. The sample was then examined before and
aling for 1/2 hour at 850°C by making random and channeled RBS

an effort to observe changes in the Ga/P ratio of the surface
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peaks. This approach was suggested by J. A. Davies (Reference 54) and
was directed along the same lines as the surface studies described by
Morgan and Bggh (Reference 21) and by Morgan and Wood (Reference 22) in
which several preparation techniques of single crystals were compared

and evaluated using channeling and comparison of the surface peaks.

Unfortunately, after annealing, a large GaP film appeared on top of
the SiO2 which masked any changes in the surface peaks that may have oc-
curred. Presumably, the GaP came from the substrate since only the
front was coated, a result consistent with the observations made by
Feldman et al. (Reference 4). Even though coating the back of the
sample and using a shorter anneal may have yielded useful results, this
approach was pursued no further primarily because the S1'O2 film was so
thin that it would have been very difficult if not impossible to locate

any Ga that did in fact leave the surface.

The observed results did have the positive impact of supporting the
caution taker. when examining the annealed GaP specimens that had been
coated on both sides (Section V.4.c). In that former case it was assumed
that GaP may have escaped through cracks and holes in the film after
anneals of over one hour at 850°C. In this case, after observing a
large GaP Tayer on the SiO2 after only a 1/2-hour anneal, it appears
even more feasible that the assumption made in Section V.4.c was cor-

rect.
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SECTION VI
SUMMARY AND SUGGESTED FUTURE WORK

T, SUMMARY

The initial goal of examining the motion of the Ga in silicon
dioxide films has been accomplished using the Rutherford backscattering
technique. With this method, it has been possible during a series of
anneals to track and record the motion of Ga in undamaged material, and
to some extent in damaged material where it appeared to move more easi-
ly. Simultaneously Pb was observed to move in damaged Si02, but remain

stationary at the interface with the undamaged film.

These results not only furnish data for the selection or rejection
of SiO2 as a protective coating material, but also outline a method by
which other poteni-al candidate films (e.g. AIN, Si3N4 and A1203) can
be evaiuated. Additionally, the application of the RBS technique to the
measurement of other critical materials properties such as stoichiom-

etry, thickness, and impurity content and location is discussed and

demonstrated.

2. SUGGESTED FUTURE WORK
The RBS method described here can be applied to other problems,
some of which would further clarify the role of protective layers on

GaP, and others that would be an extension of the technique:

1) examinaticn of the diffusion characteristics of P in 5102 and

perhaps other films such as Si3N4 using the sandwich technique,
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[,| 2) checking the diffusion of Ga in a SisN, sandwich,

3) evaluating protective films on GaP directly by evaporating a
GaP film onto a C substrate, coating with 5102, then tracking
any Ga or P motion during anneals (suggested by Williams (Ref-

erence 55)),
4)  tracking diffusion in AIN by the sandwich method,

5) checking to see if the Ga surface peak after annealing (Sec-
tion V.3) takes on different sizes at different anneal tem-

peratures, and

o

-

6) making a more careful attempt to see Ga loss from the surface
of a single crystal using the method of Section V.4.d by
coating both sides of the sample, using shorter anneals, and

obtaining better statistics.

RBS, as demonstrated, has and can supply information about the
motion of Ga in passivating films, however, more work is required to
evaluate the role of the films when they are actually on the semicon-
ductors. For example, the approach employed by Hemenger and Dobbs
(Reference 29) and discussed in Section V.1 using electrical measure-
ments could be expanded to compare the growth of p-type conductivity
during annealing in both implanted and unimplanted crystals which are
coated with Sioz. Also, the SEM (scanning electron microscope) could be
used to directly track p-layer growth (Section V.1) and to observe the
physical quality of the passivating films on implanted and unimplanted

material (e.g. see Pashley, Reference 51, Part II, Figure 1)
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APPENDIX - TABLE OF k2 AND CROSS-SECTION VALUES

Following is a table containing two types of calculated numbers
that were used repeatedly during analysis of the RBS spectra. First are
k2 values calculated for a variety of target masses using Equation 4.

In the next column are shown cross-section values calculated using
Equation 21 but with all terms removed that cancel when forming a ratio
of cross-sections (Equation 24). Both columns were calculated using

M] = MHe = 4.0026 and ¢ = 168° which are the values used for all of the

spectra in this report.
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¢ = 168° B = My /M,
Element  Mass z. k2 (26/2,%)2(do/dn), sins

ab.

c 12.01115 0.253778

N 14.0067 7 0.312458 0.0198036

0 15.9994 8 0.363694 0.0269292

F 18.9984 9 0.428989 0.0353905

Al 26.9815 13 0.553601 0.0772632

Si 28.086 14 0.566813 0.0899115

J 30.9738 15 0.598003 0.1039606

S 32.064 0.608665

Ar 39.948 0.671829

Ca 40.08 0.6727

Cu 63.54 29 0.779148 0.3984883

In 65.37 30 0.784624 0.42662764

Ga 69.72 31 0.796616 0.4559491

. 69 0.794724

s 7 0.799896

As 74.922 0.809318

Se 78.96 34 0.818138 0.5492496

Ag 107.87 0.863407

cd 112.40 48 0.868537 1.0974949

Cs 132.905 0.887643

Hf 178.49 72 0.915089 2.4730668

W 183.85 0.91746

Au 196.967 79 0.92274 2.97784

Pb 207.19 82 0.926409 3.2085498

Bi 208.98 0.927016

() 35.453 17 0.638525 0.1345843

K 39.102 0.666032 0.16887059
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