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Objective. The objective of the investigation was the study of
thin films prepared mostly by sputtering techniques.
Specifically, the objectives included (2) the investigation of
the optical and electrical properties of hydrogenated amorphous
semiconductor alloys and the effect on these properties of the
mode of preparation, and (b) the study of surface plasmons on
silver with the view of gaining further understanding of surface
enhanced Raman scattering.

One of the most important parameters in an amorphous
semiconductor alloy system is the alloy composition. To
determine this parameter we used, like many other investigators,
the method of Auger depth profiling. Upon closer examination of
this method we came across some problems that affect the accuracy
of the determination of the alloy composition from Auger
measurements. Because of the widespread use of Auger
spectroscopy for quantitative analysis, we felt it appropriaste to
include in our investigation certain aspects of Auger electron
spectroscopy. In addition, in the course of our investigation we

also found it necessarry to include in our research some work on

cristalline semiconductors (Si and ZnO).




1. Auger electron spectroscopy for quantitative analysis. One of
the most important conclusions resulting from this investigation
is8 not related directly to the sputtered alloys but to the
determination, by Auger measurements, of alloy composition.
Careful Auger measurements on MgO showed that unless the
instrumental resolution width is sufficiently narrow, the atomic
concentrations derived from the Auger measurements are resolution
dependent. A mathematical analysis, developed by us, shows that
unless the ratio of the instrumental resolution linewidth to the
natural linewidth of each Auger line is less than about 0.3, the
measured peak~to-peak amplitudes of the differentiated Auger
signals do not represent accurately the atomic concentrations. At
the same time, the analysis provides the means for overcoming
this difficulty even when the linewidth ratio is considerably
larger than 0.3. A universal curve was presented whereby the
experimentally measured peak-to-peak amplitudes can be corrected
so as to enable one to derive quite accurately the relative
atomic concentrations in one's samples. Unfortunately, however,
most of the available Auger sensitivity data required for
quantitative analysis, do not specify the instrumental resolution
used. In fact, we showed that at least in some cases the
published data were measured with a resolution far from
satisfactory. It is our contention, therefore, that there is a
need for re-measurement of the sensitivity data with adequate
resolution if a really quantitative determination of atomic

concentrations is to become feasible.




We also measured the Auger spectra of the polar and prism
surfaces of single crystal ZnO. The results showed that the
sengitivity factors for oxygen from the Physical Electronic's
Handbook oi Auger Electron Spectroscopy are non-applicable to
ZnO. The values for the sensitivities deduced from our results
are 0,26 for an incident electron energy of 3 keV and 0.25 for 5
keV. These values agree fairly well with the theoretical values
of Mroczkowski and Lichtman. High resolution measurements
revealed also that the principal line of the oxygen Auger
derivative spectrum of ZnC consists of double peaks. It was
concluded that the double peaks are probably due to local maxima

in the valence-band density of states of ZnO.

2. Hydrogenated amorphous Si-Sn alloy films. Amorphous Si-Sn
films were prepared at different temperatures between 100 and
200°C. The tin content of the films was up to about 11 at.% and
was determined using Auger depth profiling. The optical
absorption and photoconductivity were measured as a function of
wavelength and film composition. The energy gap, as evaluated
from these measurements, decreases as the tin content increases,
the lower the temperature of preparation the more pronounced this
decrease. For instance, for 100°C sputtering the gap decreases by
0.7 eV for 5 at.% tin while for 200°C sputtering the gap
decreases "only" by about 0.4 eV. We also find that the dark
conductivity of the films (which is of course a function of tin
concentration) decreases with increasing preparation temperature.
Likewise, the photoconductance response, nu , increases by close

to two orders of magnitude as the sputtering temperature varies




between 100 and 209°C. As a function of composition, at all
preparation temperatures, nu decreases strongly with increasing
tin concentration.

For infrared measurements the films were deposited on
impurity-free silicon substrates. On these films the oxygen
contamination was found to increase with tin concentration but it
was uniform over the thickness of the films. The infrared
measurements showed vibrational bands characteristic of Si-H,
Sn-H, Si-0 and perhaps Sn-O. The presence of Sn was found to
facilitate the formation of more Si~H and Sin bonds. Tnhe Si-0O
band was found to shift from 1030 cm-1 to 1075 cm"1 as the Sn
concentration increased to 10 at.%. In addition, & new peak at
1155 cm-1 appeared in the mixed samples for Sn concentrations

over about 10 at.%.

3. Surface plasmons on silver films. The surface-plasmon
spectrum was measured by Electron Loss Spectroscopy (ELS), using
incident electron energies of 20 eV, We compared the ELS
spectrum of smooth silver surfaces with silver surfaces roughened
electrolytically. Immediatly after introducing the smooth sample
into the ultra-high vacuum system and prior to any cleaning, we
found a loss peak at 3.41 eV which is due to the surface plasmon
of silver. Actually, the energy of the surface plasmon of silver
is somewhat larger (by about 0.2 eV) and the shift to lower
energies is attributed to adsorbates on the surface. And indeed,
after cleaning the sample by argon-ion sputtering, the energy

loss of the surface plasmon increased to 3.65 eV. This shift is




appreciable and the lower energy-~loss peak could have possibly

been mistakenly identified with a localized-mode plasmon.

Rough surfaces were prepared by electrolytic roughening.
After the roughening the samples were coated by a thin layer of
PNBA (parsa nitrobenzoic acid). The Raman spectrum from the rough
surfaces exhibited several Raman peaks enhanced by the rough
surface. Comparing the spectrum to the signal measured on smooth
surfaces we ascertained that the Raman spectrum is due to surface
enhanced Raman scattering.

After inserting the sample into the vacuum system and
cleaning it we measured its ELS spectrum. We found again the
prominent surface-plasmon peak at 3.65 eV, identical to that
observed on the smooth surface, but we also saw a peak or
shoulder between 1.5 and 2.5 eV, centered around 2 eV, After the
sample underwent a repeated cleaning cycle, the feature around 2
eV became very weak, sometimes even hard to detect. Part of the
difficulty is due to the fact that this feature is partially
obscured by the tail of the elastic peak. The absorption peak or
shoulder around 2 eV may possibly be due to localized plasmons.
However, our results are very much of a preliminary nature and

further work is required to resolve this question.

4. The study of the electronic structure using the semiconductor
electrolyte interface. As a preliminary to our investigation of
amorphous semiconductors and in order to familiarize ourselves
with this method, whieh was successfully applied in the past to

single crystal semiconductors, we started with the study of

cristalline silicon and cristalline ZnO. The measurements showed




that at the Si surface, excess surface electron densities as high

-2 . s
can be induced. (These densities are over an order

as 1014 cm
of magnitude larger than can be attained in Si inversion layers
in MOS structures.) A complete mapping out of the surface-state
energy distribution in the upper half of the forbidden gap has
been carried out. The surface states, of total density of about

"2 and of capture cross sections around 5x10 18 cm?, were

1012 cm
found to be distributed uniformly in an energy interval of 0.2
eV, centered 0.3 eV below the conduction-band edge. In strong
accumulation layers, charge leakage across the interface took
place, most probably by a tunneling process. The leakage occurs
practically instantaneously, in a time less than 50 nsec, but the
leakage charge remains stored near the interface for considerably
longer times. We put forward some ideas to explain this unusual

behaviour. Studies on (thin film) hydrogenated amorphous

silicon, now in progress, show that the electronic structure is

much more complex than in the case of c¢ristaliline silicon.
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Abstract—Studies are reported of ZnO surfaces prepared by a three-stage implantation procedure consisting
of: (1) bombardment with a 100-eV hydrogen-ion beam of an insulating sampie held at 200°C, a process
that introduces a very high surface density of free electrons; (2) annealing at 300°C, which restores the initial
insulating state of the surface, suggesting loss of all memory of the preceding implantation; and. finally, (3)
re-bombardment with {00-¢V ions, but now while the sampie is kept at room temperature. The surfaces so
produced are totally different from those reported previously in which only the last implantation stage had
been applied. In addition to the narrow, electron-rich layer resembling very closely the accumulation-like
layer observed on the latter surfaces, a second. much wider electron-rich layer also forms. The first layer,
extending to about 20 A below the surface proper, contains hydrogen donors which are fully ionized down
to at least 10 K. The second layer is several thousand angstroms wide and the hydrogen donors in it are
only partially ionized at room temperature, becoming completely unionized at 100 K. The enormous pen-
etration range of the implanted hydrogen, as evidenced by the thickness of the wide layer, is very difficult
1o account for. Equally difficult to explain is the marked difference in the characteristics of the hydrogen
donors in the narrow and wide layers. Some suggestions concerning these rather puzzling observations are

put forward but at this stage they are largely of a speculative nature.
Keywords: ZnO, surface, hydrogen, ion impiantation, electrolyte.

INTRODUCTION

Zn0 is an ideal medium for studying low-energy hy-
drogen-ion implantation. Instead of detecting the im-
planted hydrogen species directly, a fairly difficult task,
one can derive their properties and spatial distribution
beneath the surface by measurements of transport and
space-charge characteristics of the free electrons orig-
inating from the donors introduced by the implanted
hydrogen.

In previous papers ([, 2], we reported on the prop-
erties of (0001) ZnO surfaces bombarded by 100-eV
hydrogen ions. The implanted ions, consisting mostly
of protons, were shown to penetrate up to a depth of
10-20 A beneath the bombarded surface. The protons
act as fully ionized donors, the donor levels effectively
lying at least 1.5 eV above the conduction-band edge.
They give rise to a highly conducting layer of com-
parable depth and of surface electron densities of up
t0 2 X 10" cm™%. Such narrow layers resemble closely
“ordinary” accumulation layers on ZnO surfaces [3-
5] obtained, for example, by exposing the surface to
atomic hydrogen {6-10]. The implanted layers, just as
ordinary strong accumulation layers, thus constitute a
quantized two-dimensional electron gas system. The
important advantage of the implanted over the ordi-
nary accumulation layers, however, is that they are
completely inert to oxygen and, in fact, remain prac-
tically intact even at room air. This unique feature is

40!

very advantageous in the study of two-dimensional
electron gas systems.

In the course of these measurements we encoun-
tered, rather accidentally, a most surprising phenom-
enon. Starting with an insulating ZnO sample, hydro-
gen implantation was usually effected while the sample
was kept at room temperature. This will be referred to
as “simple implantation”. If, on the other hand, the
hydrogen implantation (at room temperature) is pre-
ceded by implantation at 200°C (to be referred to as
“hot implantation™) and annealing at 300°C, a surface
of totally different properties resuits. This is so in spite
of the fact that the annealing is found to restore the
initial insulating state of the surface, thus appearing to
wipe out all memory of the previous hot implantation.
In addition to a narrow accumulation-like layer, very
similar to that produced by simpie implantation, a wide
conducting layer several thousand angstroms thick also
forms. Some 80 percent of the implanted hydrogen
species are found to reside in the wide layer. Moreover,
the donor levels introduced by the implanted hydrogen
in this layer lie below the conduction-band edge and
are similar to other shallow donor levels commonly
encountered in bulk ZnO (I, 12].

The enormous penetration range of the majority of
the implanted hydrogen in surfaces produced by the
three-stage implantation procedure just described poses
a difficult question. It is about one hundred times larger
than expected on theoretical grounds {13-15] and can
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only originate from some channeling process [16]. Such
long-range channeling was found, however, to be prac-
tically absent in the case of simple implantation {2).
One is therefore led to conclude that the first two stages,
those of hot implantation and annealing, are respon-
sible, in an as yet unknown fashion, for making the
surface region so transparent to the hydrogen-ion beam
in the third stage of the implantation procedure. An-
other puzzling feature is the drastically different donor
characteristics of the impianted hydrogen in the narrow
and wide layers.

The resuits to be presented were obtained from con-
ductivity and Hall effect measurements. from experi-
ments of calibrated chemical etching and from studies
of the space-~charge characteristics using the ZnO/elec-
trolyte system. The combined data give a consisteat
picture of the properties outlined above of the three-
stage implanted surface. They shed little light, however,
on some of the puzzling questions posed by these find-
ings.

EXPERIMENTAL

The samples were cut from ZnO single crystals made
insulating either by Li doping or by thermal diffusion
of oxygen. The high resistivity is essential in order to
minimize the parallel bulk conductance when per-
forming surface transport measurements. Typically, the
sample dimensions were 10 X 2 X i mm® with the
hexagonal ¢ axis perpendicular to the large surfaces.
The measurements were carried out on the “oxygen™
(000T1) face, all other faces being masked by ceramic
glue. The surface was lapped with a diamond paste to
a flatness of 1 um. It was subsequently etched in HCI
and then chemically polished in a 2% bromine meth-
anol solution.

Tantalum sheets pressed on sputtered vanadium
strips at the two ends of the sample were used as current
contacts. Four tungsten wires, pressed upon small
sputtered vanadium dots, two on each side of the sam-
ple, served as voltage probes. The sample was mounted
in an ultra-high vacuum (UHV) chamber where the
sample temperature could be varied between 10 K and
300 K. For Hall-effect measurements, magnetic fields
(up to 2000 Gauss) were applied by an external elec-
tromagnet. Such measurements were employed for
determining the surface mobility and surface electron
density and their variation with temperature in the
surfaces under study. Argon sputtering and hydrogen
implantation were carried out with a Varian ion gun
(energy range of 0~3000 eV).

Prior to all measurements, the surface was cleaned
by repeated cycles of 1000-eV argon-ion bombardment,
at a pressure of 5 X 10~ Torr, and subsequent an-
nealing at 400°C. During the sputtering, ultra pure
argon gas was cycled through the system at a rate of
10 1./sec, corresponding to an effective change of the
argon gas in the vacuum chamber every 5 sec.

Hydrogen implantation was effected by bombarding
the surface with 100-eV hydrogen ions, at a hydrogen

pressure of S X 1073 Torr maintained by continuous
cycling of ultra pure hydrogen gas. As discussed pre-
viously [1], aithough the hydrogen-ion beam consists
predominantly of H3 , the implanted species are mostly
protons. Very likely, the Hi ions dissociate upon im-
pact at the surface and protons of approximately half
the beam energy penetrate the crystal. In any case, the
penetration depths of 50-eV protons and of 100-eV
H3 ions are expected to be comparable { (4], some 10~
20 A below the surface.

The implantation procedure used in the present in-
vestigation consists of three stages: in the first, the 100-
¢V hydrogen-ion bombardment is carried out for a few
minutes while the sample is being held at a temperature
of 200°C (hot implantation). Just as in the case of sim-
ple implantation used previously {1, 2], the implanted
protons give rise to a high surface conductivity of about
1073 mho/square, corresponding to a surface electron
density of 10" cm™2 In the second stage, the sample
is annealed in vacuum for five minutes at a temperature
of 300°C, as a result of which its conductivity drops
typically to § X 107 mho/square, 2-3 orders of mag-
nitude lower than that of the hot-implanted surface
(electron density of about (0! cm ™). The surface re-
gion thus appears to have returned to its initial, high-
resistivity state. As will be shown below, however, an
irreversible change has taken place. In particular, sub-
sequent cold implantation of 100-¢V hydrogen ions,
which constitutes the third stage of the present im-
plantation procedure, now results in penetration depths
of several thousand angstroms.

The penetration range of the implanted protons was
estimated by calibrated chemical etching. After the
implantation, the sample was removed from the UHV
chamber and chemically etched in a highly diluted
aqueous solution of HCI (1 part of concentrated HCl
in 100 parts of water) kept at 15°C. Conductivity and
Hall effect measurements were carried out at suitable
intervals. The rate of surface layer removal for such
etching conditions was determined to be 5-10 A per
second {2].

Another technique for assessing the depth profile of
the implanted proton donors employed the ZnO/elec-
trolyte system {2, 17, 18]. Basically, the experimental
arrangement consists of a large-area platinum electrode
and the ZnO sample under study, both immersed in
a Ca(NO,), electrolyte. Only a small area (about !
mm?) of the ZnO surface is in contact with the aqueous
solution, the rest of the surface, as well as the ohmic
metal contacts and wire leads, being masked. By biasing
the electrolyte with respect to the semiconductor, space
charge can be induced at the semiconductor surface
by virtue of the essentially blocking nature of the semi-
conductor/electrolyte interface. Such blocking pre-
vents, or at least minimizes, charge leakage between
the two phases {19, 20]. By using special pulse tech-
niques [17, 18}, charge leakage across the interface can
be eliminated or else its undesirable effects compietely
taken into account in deriving the relation between the
surface space-charge density and the surface potential
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barrier. A short (1-10 usec) voltage pulse applied be-
tween the Pt electrode and the ZnO sampie is used to
charge up the spsce-charge capacitance at the ZnO
surface. The voltage drop between the Pt efectrode and
the semiconductor bulk, measured just after the ter-
mination of the pulse, represents, to a good approxi-
mation, the change in the barrier height ¥, across the
space-charge layer induced by the applied pulse. The
corresponding change in the space-charge density Q,
can be readily obtained from the voltage developed
across a large series capacitor, again at the termination
of the pulse. In accumulation or other electron-rich
layers, the space charge is made up predominaatly of
free electrons [21] so that Q, = —gN,, where V, is the
surface electron density and g is the absolute magnitude
of the electronic charge.

In ZnO, extremely strong accumulation layers can
be induced at the surface by this technique {3, 4]. In
the present case, the proton-implanted ZnO surface
already contains a very high free-clectron density and
negative pulses applied to the Pt electrode would repei
electrons away from the surface. For sufficiently high
pulse amplitudes, the entire electron population can
be depleted. Positive pulses, on the other hand, enhance
the existing high surface electron density.

The purpose of measuring the variation of N,-N,,
with V-V, (where N, and V,, are the initial values
of N, and V,) is two-fold. First, it yields directly the
total surface electron density N,, at the implanted sur-
face and hence the total density of the implanted proton
donors. Secondly and more important, it provides
valuable information on the depth profile of the donors,
as will be discussed below. It should be pointed out
that in the samples studied, neither deep lying bulk
traps [ 18] nor surface states are present to any signif-
icant amount to interfere with the measurements.

RESULTS

The measurements were carried out on (0001) sur-
faces of ZnO that have undergone the three-stage
implantation procedure described above. After com-
pletion of the third stage, consisting of cold implan-
tation with 100-eV hydrogen ions, another annealing
at 300°C (second stage) and subsequent cold implan-
tation (third stage) result in a surface of practically
identical properties. This was also found to be the case
even if the second and third stages were repeated several
times. On the other hand, the first two stages (hot im-
plantation and annealing) introduce an irreversibie
change, and the truly virgin state of the surface could
not be restored other than by chemically etching away
a few micrometers of the surface region.

Results of conductivity and Hall effect measure-
ments are shown in Figs. 1 and 2. Prior to the mea-
surements, oxygen has been introduced into the UHV
system in order to remove traces of an ordinary ac-
cumuiation layer that always forms as a by-product of
hydrogen implantation. Such an accumulation layer
presumably originates from the presence of azomic hy-
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Fig. 1. Surface electron density as function of temperature for

a three-stage implanted surface before and after annealing at
different temperatures as marked.

drogen [6~10], produced by the hot filament of the ion
gun from the ambient (molecular) hydrogen. This layer
is readily destroyed by exposure to oxygen. in contrast,
the free clectron layer associated with the implanted
hydrogen is completely inert to oxygen.

The temperature dependence of the surface electron
density N, in the implanted layer is shown in Fig. 1.
The upper curve (labelied “*before annealing™) has been
obtained right after the three-stage implantation pro-
cedure. N, is seen to decrease monotonically as the
temperature is lowered down to about 100 K. At this
temperature, some 5 X 10"’ electrons per cm? have
been frozen out, while the rest (about 7.5 X 10'* em™%)
remain free down 1o at least 10 K, the lowest temper-
ature reached in our experiment. The curve below
(marked “*T, = 180°C"") was obtained after the sampie
has been annealed at 180°C for two minutes. It is seen
that such annealing has lowered N, by about 7 x 10"}
cm~? and that almost ail the clectrons left in the sample
now freeze at about 100 K, the unfreezing component
having been practically eliminated. The other two
curves in Fig. | were obtained after a two-minute an-
nealing at 205°C and at 225°C. Such annealing reduces
N, still further, but now it is the freezing component
that is mainly affected. As will be discussed below, the
unfreezing component of the surface electron density
originates from fully ionized hydrogen donors situated
in a narrow layer, some 20 A thick, whereas the freezing
component arises from partially ionized hydrogen do-
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Fig. 2. Surface mobility as function of temperature for the
same implanted surface as that in Fig. 1.

nors distributed over a layer about one hundred times
wider.

The temperature dependence of the surface mobility
u, for the same implanted surface is displayed in Fig.
2. It is seen that before annealing, u, is almost tem-
perature-independent. varying between 40 and 60 cm?/
Vsec. After a two-minute annealing at 180°C. the be-
haviour of the surface mobility changes drastically. In
the first place, the room-temperature value of x, in-
creases from 40 to 130 cm?/Vsec. More significantly,
however, u, increases upon cooling up to the peak value
of 460 cm?/Vsec, reached at 110 K. It then decreases
as the temperature is lowered further. A similar be-
haviour characterizes the temperature dependence of
u, after a two-minute annealing at 205°C and at 225°C.
However, the peak value decreases and its position
shifts to higher temperatures the higher the annealing
temperature.

The temperature dependence of both the surface
mobility and of the freezing component of the surface
electron density is typical to electrons in bulk ZnO {5,
11, 12, 22-25] and, as will be discussed below, it sug-
gests that a substantial fraction of the implanted hy-
drogen penetrates quite deep below the surface. This
behaviour is to be contrasted with the analogous results
reported previously [1] for surfaces produced by simple
implantation (with no prior hot implantation and an-
nealing). On such surfaces, no electron freeze-out was
found to take place down to at least 10 K. Also, an-
nealing at comparable temperatures (around 200°C)
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produced only minor changes in the surface mobility
which, furthermore, did not exhibit any peak at low
temperatures.

The results of Fig. | were used to evaluate the tem-
peracure dependence of the freezing component of the
surface clectron density N,. This component is ob-
viously given by the difference between the total elec-
tron density N, and the density N, (10 K) at 10 K. This
difference is plotted in Fig. 3 on a semi-log scale against
1000/ T for the four measurement cycles in Fig. 1. All
curves are seen to be linear and parallel. If we dascribe
these curves by exponential functions of the form
exp(—E'fkT), where £’ is some activation energy and
k is Boltzmann’'s constant, then the common slope
yields E’ = 0.035 eV. For a2 non-degencrate free-elec-
tron layer, 2E’ would have represented the energy
depth of the hydrogen donors below the conduction-
band edge. Actually, however, the layer is somewhat
degenerate and the depth of the donors comes out to
be about 0.05 eV (see below).

Results obtained by conductivity and Hall effect
measurements (at room temperature) during calibrated
chemical etching are displayed in Fig. 4. Here the sur-
face electron density N, on a three-stage implanted
surface is plotted against the depth of the etched-away
layer: Following a rapid drop taking place after the
removal of some 10-20 A (corresponding to an etching
time of two-three seconds), N, is seen to decrease much

T (K)
o 300 200 150 125
' T T T
[ BEFORE ANNEALING 1
i ]
L i
Ta=180°
s A=180°C
= F §
£
k]
g 101 - Ta=205°C -
% - .
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2 L i
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i 1
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Fig. 3. Semilog plot of the surface electron density with respect

to the density at 10 K (the freezing component of the electron

density) as function of 1000/7 for the same surface as in Figs.
1 and 2.
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Fig. 4. Surface electron density as function of depth of the
ciched-away layer for a three-stage implanted surface.

more slowly with etch depth, extending to several
thousand angstroms. A surface layer about 5000 A
thick has to be etched away in order to eliminate com-
pletely the free electrons introduced by the implanted
hydrogen donors.

Finally, we present results of space charge capaci-
tance measurements, carried out in the ZnOyelectrolyte
system. In Fig. 5 the absolute value of the change in
surface electron density [N,~N,,| is plotted against the
change in surface potential barrier V,~V,,. The left-
hand side of the figure (negative ¥,~V,,) corresponds
to measurements performed with negative pulses (i.e.
electrons repelled away from the surface, N-N,, neg-
ative), while the right-hand side—to positive pulses
(electrons attracted to the surface, N~N,, positive). For
negative pulses, the poiats exhibit two different regimes.
In the first, extending 1o about —1.5 V, {N~N,| rises
very steeply to a value of about 4 X 10> cm™2. As will
be shown momentarily, this can be attributed to the
expulsion from the sample of those electrons originat-
ing from the proton donors situated in the narrow layer
beneath the surface. The space-charge capacitance C,,
associated with these electrons is given by the product
of the above density and the electronic charge divided
by 1.5 Volts, which comes to about 4 uF/cm’. The
effective charge distance [21] L.; i.e., the depth below
the surface of the center of charge, is given by L,
= ke, /C,, where x (=8.5) is the relative dielectric con-
stant of ZaO and ¢, is the permittivity of free space.
Using this relation one derives the value of 20 A for
L., comparable 10 the effective charge distance (15 A)
for an ordinary accumulation layer of the same surface
electron density {4). One thus concludes that the im-
planted hydrogen species in the narrow layer do indeed
lie within about 20 A from the surface. The second
regime in Fig. 5, between —1.5 V and ~ {0 V, represents
expuision of clectrons originating from much more
deeply implanted hydrogen donors. The two curves in
the figure are theoretical. The solid curve was calcu-
lated by numerical integration of Poisson’s equation,
taking into account the hydrogen donor distributions
in both the narrow and wide layers. The narrow layer
is represented (2] by a Gaussian donor distribution
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peaked 10 A below the surface and having a standard
deviation of 20 A. The wide {ayer below it is represented
by a constant donor concentration of 10'° cm™3, (The
choice of this value is considered in the Discussion
section below.) Using a constant concentration is a
very good approximation because in the V, range at-
tained experimentally (V,-V,, between —1.5 Vand - 10
V), only a small section of the wide layer is depleted
of its electrons. (In order to deplete the electrons from
the entire wide layer, a change of ~1000 V or so in
V-V, would have been required!) The two distribu-
tions are seen 1o account well for the experimental
points. The dashed curve was calculated for the case
in which donors are present only in the narrow layer,
as is applicable to surfaces produced by simple im-
plantation [2]). As expected, this curve coincides with
the solid curve up t0 V,-V,, = —1.5 V. It then levels
off because in this case there is no wide layer of donors
from which electrons can be depleted. For positive
pulses, N~N,, is seen to rise steeply with V-V,
throughout. In this polarity, the existing narrow, ac-
cumulation-like layer is made ever stronger by the ap-
plied puises. It is to be noted that close to the origin
(V=Vy = 0), the behaviour is symmetrical for the two
polarities. This is only to be expected [21] because the
initial state of the implanted surface already contains
a very strong accumulation layer.

DISCUSSION

ZnO surfaces produced by the three-stage implan-
tation procedure are drastically different from those
prepared by simple implantation. In both procedures,
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Fig. 5. Change N~-N,, in surface electron density as function
of change V,-V,, in surface potential barrier for a three-stage
implanted surface. (N, is the surface electron density on the
implanted layer and V,, is the corresponding potential barrier
at the surface.) The circles represent data measured in the
ZnO/electrolyte system. The curves were calculated for two
different donor concentrations in the wide layer, as noted in
the figure.
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the last stage, that of cold implantation of 100-eV ions,
is identical. The only difference is that in the present
procedure this stage is preceded by hot (200°C) hy-
drogen implantation followed by annealing at 300°C.
The general picture that emerges from the data pre-
sented is that whiie a fraction of the implanted hydro-
gen is situated 10-20 A beneath the surface, just as for
the case of simple implantation, most of the hydrogen
species following the three-stage implantation penetrate
up to a depth of several thousand angstroms. The sur-
face region thus consists of a narrow layer of a very
high volume concentration of hydrogen and a much
wider layer of lower volume concentration below it.
As will be discussed in a moment, the hydrogen donor
levels in the narrow layer lie well above the conduction-
band edge so as to remain fully ionized down to very
low temperatures. In the wide layer, on the other hand,
the donor levels are below the conduction-band edge
and at room temperature only about one fourth of
them are ionized.

The properties of the narrow layer are best displayed
by the space-charge capacitance measurements using
the ZnO/electrolyte system. From Fig. 5 one sees that
some 4 X 10'? electrons per cm? are characterized by
an effective charge distance L. of about 20 A, typical
of an ordinary accumulation layer of the same surface
electron density (4]. Thus, just as in the case of simple
implantation, a narrow, accumulation-like layer forms
at the surface. Such layers are highly degenerate, with
the conduction-band edge at the surface lying about
1.5 eV below the Fermi level [4). This can only come
about if the donor levels are energetically removed by
at least that amount above the conduction-band edge.
Under these conditions, no electron freeze-out should
take place down to very low temperatures and un-
doubtedly the unfreezing component of the surface
electron density in Fig. I involves the electrons in the
narrow layer. This is further supported by the obser-
vation that brief annealing at 180°C is sufficient to
eliminate this layer (see Fig. 1), similarly to the case
of surfaces produced by simple implantation [1), where
the implanted layer has been established 1o be very
narrow. The space-charge capacitance measurements
are less sensitive to the presence of the wide electron
layer because only a small portion of this layer can be
depleted for V,-V,, = —10 V, the highest swing attained
in our experiment. Yet, a fairly good quantitative
agreement has been obtained between the experimental
points and the theoretical curve calculated by taking
into account the donor distribution in both the narrow
and wide layers (see Fig. 5). The calibrated etching
measurements, on the other hand, are particularly
suitable for monitoring the wide electron layer. The
plot of the surface electron density against etch depth
(Fig. 4) immediately reveals this layer to be several
thousand angstroms thick.

The mere fact that a fraction of the free electrons in
the implanted surface is observed to (reeze out at low
temperatures (see Fig. 1) points to two conclusions:
firstly, that these electrons originate from donors that
lie energetically below the conduction-band edge and,
secondly, that the donors are distributed over a rela-
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tively wide layer. An estimate of the donor level energy
and a lower limit for the width of this layer can be
obtained on the basis of the foliowing simple reasoning.
Consider for simplicity a uniform layer. The electron
volume concentration n in this layer is given by

n= f: NEY1 + expl(E — Ef)kT1}'dE, (1)

where E, is the conduction-band edge and E; is the
Fermi level. In ZnO, the conduction band is parabolic
{4] up to at least 2 eV above E_, so that the density of
states M(E) is given by

ME) = (4x/RX2m,)(E ~ E_)'?, 2

where m, is the isotropic effective mass and 4 is Planck’s
constant. At the same time, since the freezing electrons
originate entirely from donors introduced by the im-
planted hydrogen, n must aiso be equal to

n= Np{f + exp{(Ep — Er)/k”}-l. 3)

where Np is the donor concentration and Ep is the
donor energy. Equating eqns (1) and (3) yields an im-
plicit relation between n and 7, involving E.-Ep and
Np as parameters. Numerical solution shows that even
if one takes the unreasonably high value of $ X 10%
em™? for Njp (hydrogen concentration of about 10 per-
cent), n does not exceed 2 X 10" cm ™, (The highest
hydrogen concentration obtained in the narrow layer
isonly § X 10%° — 1 X 10* cm™?, corresponding 10 10'*
electrons per cm? spread over a layer 10-20 A thick.)
Physically, the reason for such a low value of n/Np is
that the Fermi level in the degenerate layer lies above
the donor levels. The electron concentration is then
insensitive to the value of Np: increasing Np tends to
raise £ and thus to increase 71 but this has the opposite
effect of lowering the degree of ionization of the donors.
Accordingly, since the room-temperature surface den-
sity of the freezing electrons is S X 10" cm ™2, it follows
that the 2 X 10'? (or, very likely, much less) electrons
per cm’ must be spread over a layer at least 250-A
thick.

Actually, this is an over-cautious estimate of the
lower limit. The etching experiments indicate that the
wide layer is about ten times thicker so that the average
room-temperature electron concentration in it is of
the order of only 2 X 10'* cm™>. In order to account
for the observed temperature dependence of the freez-
ing component of the surface electron density shown
in Fig. 3, one must take a value of 8 X 10'* cm™? for
the donor concentration Np and an energy depth £~
Ep of 0.05 eV for the donor levels. Thus, only about
one fourth of the implanted hydrogen in the wide layer
is ionized at room temperature. It follows, then. that
altogether some 80 percent of the implanted hydrogen
species are located within the wide layer.

The estimated energy of the donor levels is close to
the ionization energies reported for other donor levels
in bulk ZnO (11, 12]. Also. after annealing at 180°C,
which eliminates the narrow layer, the temperature
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dependence of the mobility (see Fig. 2) is very similar
to that of bulk electrons in ZnO (5, 11, 12, 22-25).
Annealing at higher temperatures gradually removes
electrons from the wide layer as well, until eventually
the insulating state of the surface region is restored.
The question that arises is where did the hydrogen do-
nors disappear to. Although a fraction of the implanted
hydrogen species may have diffused out into the vac-
uum, the remainder (half or thereabout) would be ex-
pected to diffuse inwards or in any case remain in the
sample. One is therefore led to conclude that, after
annealing, the implanted hydrogen species cease, first
in the narrow layer and at higher temperatures in the
wide layer as well, to act as shallow donors. Such trans-
formation may come about from hydrogen diffusion
or displacement into sites in which the ionization en-
ergy of the hydrogen atoms becomes 100 large. Alto-
gether, it appears then that the implanted hydrogen
can occupy three different lattice sites. In one site, sit-
uated at the narrow layer, hydrogen introduces donor
levels lying well above the conduction-band edge. In
another site, located within the wide layer, hydrogen
gives rise 10 shallow donor levels below the band edge.
And finally, a third site, just discussed, in which the
donor levels are sufficiently deep to remain unionized,
at least at room temperature. The nature of these sites
is not clear to us at present.

The enormous penetration depth of hydrogen (im-
planted at room temperature) is most surprising. It is
about a hundred times larger than the range expected
from stopping power considerations {13-15} or from
room-temperature diffusion [26]. Both these processes
should yield a range of about 10 A, which was actually
observed in the case of simpie implantation {1, 2). True
enough, during the process of hot implantation (first
stage), hydrogen diffuses to a depth of thousands of
angstroms (26]. However, the annealing in vacuum at
300°C (second stage) restores the initial insulating state
of the surface, indicating that the previously implanted
hydrogen species have either been removed from the
sample or else displaced into sites in which they no
longer act as shallow donors. The question to be an-
swered is what makes such a surface so transparent to
the newly implanted hydrogen ions during the third
stage of cold (room-temperature) implantation. it
should be noted that even in the case of simple im-
plantation some of the hydrogen species penetrate to
a comparable depth [2] but only less than one percent
of the implanted hydrogen is involved. Very likely,
such penetration is effected by channelling through the
large open channels that exist along the hexagonal ¢
axis of ZnO, by virtue of the substantial difference be-
tween the radii of the zinc and oxygen ions [27]. One
might speculate that hot implantation (and subsequent
annealing) widens these channels, for example by re-
ducing lattice oxygen and out diffusion of OH radicals
or water molecules. It is not clear, however, whether
this mechanism could enable some 80 percent of the
hydrogen species implanted subsequently (at room
temperature) to penetrate thousands of angstroms be-
low the surface. Further work is required to resolve

this issue which. at this stage. is much of a mystery
to us.
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The essentially blocking nature of the silicon/electrolyte (S/E) interface enables charge to be
induced electrostatically ai ihe interface by an applied bias. The use of pulsed rather than DC
biases provides a fairly detailed picture of the silicon interface. The results reported here concern
the silicon space-charge layer, localized states at the S/E interface and charge leakage across the
interface. As to the first, evidence is presented that strong, quantized accumulation layers of
excess surface-electron densities as high as 10" cm ™2 can be induced at the Si surface. an order of
magnitude larger than can be attained in Si inversion layers in MOS structures. The localized
states are of total density of about 10'2 cm =2 and of capture cross sections around 5 x 10~ '8 cm?.
The nature of these states is not known; they are probably fast surface states at the silicon surface.
The charge leakage occurs under strong accumulation conditions, very likely by electron tunneling
from the silicon electrode into the electrolyte. It takes place practically instantaneously, but the
leaked charge remains stored near the interface for a considerable time. Some suggestions
concerning this unexpected behavior are put forward.

1. Introduction

The investigation of silicon surfaces reported in this paper is based on the
semiconductor/electrolyte (S/E) system. The use of special pulse techniques
developed in this laboratory [1,2] appears to circumvent to a large extent
electrochemical processes, permitting the derivation of the physical character-
istics of the silicon surface with minimal involvement of the rather complex
surface chemistry. A short-duration pulse applied to the S/E system charges
up the interface region. The discharge process following the pulse termination
is usually found to consist of two distinctly different and easily resolved
components. The first and dominant component is very fast. lasting typically a
few microseconds or less. The second component, when present, is much

0039-6028 /86 /$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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slower, in the millisecond range. We interpret the fast component as repre-
senting the discharge of free electrons in the silicon space-charge layer,
whereas the slow component is atiributed to thermal release of electrons
trapped in localized states back into the conduction band. On this premise, we
find that extremely strong electron accumulation layers, of surface densities as
high as 10" cm~2, can be induced in the silicon space-charge layer, compared
to at most 10'* cm~? attainable in Si inversion layers in MOS structures [3-5].
Such layers, which are characterized by a width of about 10 A, constitute
nearly perfect two-dimensional electron gas systems. A study of quantization
effects in these layers should therefore prove highly interesting. The accent in
the present investigation is placed, however, on the interface states and on the
processes of charge transfer across the S/E interface.

The interface states, of total density around 10'? cm~2, can reversibly
exchange charge with the silicon space-charge layer and are very likely
ordinary surface states at the silicon surface. As such, they are uniformly
distributed in an energy interval of about 0.2 eV, situated half way between
the conduction-band edge and the midgap. Analysis of the interaction kinetics
between the interface states and the conducti.a band yields capture cross
sections in the neighborhood of 5 x 107'® cm?. The states are thus of the
“fast” type and are probably located very close to the silicon surface [6].

The S/E interface is not perfectly blocking and some charge leaks between
the two phases, especially when strong accumulation layers are induced at the
Si surface. The characteristics of the leakage process are of particular interest.
The leakage charge is found to increase exponentially with increasing potential
barrier height, i.e. with increasing interface field. This is a strong indication
that some tunneling mechanism across the interface is involved. The leakage
can take place practically instantaneously (in less than 0.1 us), but the leaked
charge remains stored at or very close to the interface for a considerable time.
A possible mechanism that may account for this rather surprising aspect of the
leakage process is considered.

2. The space-charge layer and the semiconductor / electrolyte interface

In this section we review briefly the characteristics of the semiconductor
surface space-charge layer [6) and consider several features of the semiconduc-
tor /electrolyte system, stressing those points that are directly related to our
present work. We consider a homogeneous, non-degenerate, n-type semicon-
ductor having fully ionized donors. For depletion and accumulation layers, the
surface space-charge density (per unit area) can be expressed as

Qse- —qN,, (l)

where ¢ is the absolute magnitude of the electronic charge and N, is the excess
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surface electron density. By definition, N, is zero under flat-band conditions,
positive for accumulation layers and negative for depletion layers. The space-
charge capacitance is given by

Ce=10/V. ), ()

where V, is the potential barrier height at the surface. The effective charge
distance L_, which represents the effective width of the space-charge layer, is
given by the expression

Cu=xeo/L., (3)

where x is the relative dielectric constant of the semiconductor (11.7 for Si)
and ¢, is the permittivity of free space. First integration of Poisson’s equation
leads to

N,= & (xeon kT/q?)'*F, (4)

where the positive sign applies to accumulation layers, the negative sign to
depletion layers; n, is the electron bulk concentration, k is Boltzmann's
constant and T the absolute temperature. For parabolic conduction bands. the
function F, is given by
-12 12

E=vZ[(4/3)7" exp(wy) Fyo(0,~ wy) =0, - 1]'", (5)
where w, = W, /kT, W, being the energy separation between the Fermi level
and the conduction-band edge in the bulk: o, =¢q¥,/kT is the so-called
dimensionless barrier height; and

F(y) -jo”x’”ll +exp(x—y)] ' dx (6)

is a definite integral which is available in tabular form [7).

For strong accumulation layers, in which the conduction-band edge lies
well below the Fermi level, it may be necessary to replace the F; , function by
a more complicated integral {1] to take into account possibie non-parabolicity
of the bands. In our measurements in silicon, however. non-parabolicity is
negligible up to the strongest accumulation layer attained (N, = 10'* cm™2),
and eq. (6) can be used throughout the range of interest.

A much more important factor that needs to be considered in strong
accumulation layers is associated with the spatial confinement of the electron
gas. When the effective charge distance L. becomes comparable to or less than
the de Broglie wavelength of a conduction electron, quantization effects set in.
The classical calculations reviewed above may no longer be adequate, the less
so the stronger the accumulation layer (larger N,, smaller L_). One should then
solve self-consistently Poisson’s and Schrodinger’s equations [3.4,8,9). Unfor-
tunately, for silicon such calculations have been carried out {3.4] for surface
electron densities up to only 10'* cm~2, whereas the range of interest here
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extends to 10' cm™2. For N, = 10"’ cm~? in electron inversion layers on the
(111) surface, the calculated value [3] of L_ is somewhat less than 30 A, which
is very close to the value evaluated classically (eqs. (1)-(6)} for accumulation
layers of the same clectron density. Since the space-charge characteristics of
strong inversion and strong accumulation layers are very similar {6), one can
safely conclude that the classical expressions are adequate up to at least
N, =10" cm™2. As to larger N, values, one cannot say definitely, but judging
from the results obtained for very strong accumulation layers on ZnO [8.9),
one should not expect too large a deviation of the N, versus V, curve from that
calculated classically.

For non-degenerate surface conditions, corresponding to depletion and
weak accumulation layers, F, can be well approximated by the simpler
expression

F=VZ[exp(v,) —c,—1]'""% (7)

The semiconductor/electrolyte system considered here consists of a semi-
conductor surface in contact with an indifferent electrolyte such as an aqueous
solution of a salt {[KCl or Ca(NO, ), }. By biasing the electrolyte with respect 1o
the semiconductor, charge can be induced elec: -ostatically at the semiconduc-
tor surface. This is made possible by the essentially blocking nature of the S/E
interface, which largely prevents charge transfer between the two phases. The
induced charge is in general distributed between the surface space-charge
region and surface states (if present). In the absence of a foreign layer (such as
an oxide) at the semiconductor interface, the applied bias drops across three
adjacent regions [6,10]: the space-charge layer at the semiconductor surface,
and the Helmholtz and Gouy layers in the electrolyte. Of these three layers,
the latter two are much thinner than the former, at least under pulsed bias
conditions, so that practically the entire applied bias drops across the semicon-
ductor space-charge layer. This is evidenced by space-charge capacitance
measurements on metal/electrolyte interfaces [1). Hence the measured bias
represents to a very yood approximation the change 8V, in barrier height ¥,
across the semiconductor space-charge layer. If an insulating layer is present
at the semiconductor surface, the bias is distributed across both this layer and
the space-charge layer, as will be discussed below.

In practice, the interface is not perfectly blocking and to a iesser or greater
extent some charge leaks across the S/E interface. The leakage charge is
usually insignificant when depletion layers are induced (electrolyie biased
negatively with respect to the n-type semiconductor). [t becomes appreciable,
however, under accumulation conditions, the more so the stronger the induced
accumulation layer. It is this leakage that had prevented in the past the
formation of strong accumulation layers by DC biases. By employing our
pulse techniques [1,2], on the other hand, it appears possible to induce
extremely strong accumulation layers not only on silicon but also on a number
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of other semiconductors, such as Ge and CdS (1} and ZnO (8,9}, without being
hampered by charge leakage. Moreover, these techniques enable a straightfor-
ward separation of the different components of the induced charge, so as to
obtain the variation of both the surface space-charge density and the oc-
cupancy of the interface states with the surface potential barrier. More
important still, the use of a limited number of short-duration pulses minimizes
electrochemical reactions which may otherwise greatly complicate the interpre-
tation of the data. By the same token, surface damage that usually occurs
under prolonged application of large DC biases is largely eliminated.

3. Experimental

The samples were cut from highly polished, transistor grade n-type silicon
wafers of several ohm cm resistivity. The samples’ dimensions were typically
3% 3% 0.5 mnr, with the large faces parallel to the (111) plane. Chromium.,
followed by gold, was sputtered onto one of the large faces to form an ohmic
contact. After attaching a wire lead, this face was glued to a glass tube, and
the entire sample. except for a well-defined area of about 1 mm? on the
opposite face, was masked by an epoxy cement (see fig. 1). The exposed area
was etched in CP-4.

A schematic diagram of the experimental arrangement is displayed in fig. 1.
The semiconductor sample and a platinum electrode are immersed in a
Ca(NO,), clectrolyte. Because of the masking described above, only a small
area of the sample is exposed to the aqueous solution. The platinum electrode

‘ CRO
o A 8 CRO
> S
_c
Puisea - S —_— Ve
Generator |
Cement Sample
“;l: Electrolyte T

Fig. 1. Schematic diagram of semiconductor /electrolyte system.
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(chosen because of its inertness) is in the form of a sheet of large surface area
(about 2 cm?). The pulse generator (Hewlett-Packard type 214A) can provide
positive and negative pulses of up to 100 V in amplitude and 0.05 to 200 us in
duration. It is connected to the platinum and semiconductor electrodes via a
diode D and a large (0.1 to 1 uF) series capacitor C. The diode polarity is such
as to permit current flow only while the pulse is on. An electronic switch S can
short-circuit the Pt electrode to ground at any prescribed time following the
termination of the puise. Short-duration (0.1 to 10 us) pulses were applied
singly, two or three pulses per data point taken, in order to minimize any
electrochemical reactions that may take place at the silicon surface. A Tektronix
type 7407 CRO was used to monitor the voltage drop ¥, between the Pt
electrode and the ohmic contact of the sample, and the drop ¥, across the
series capacitor C. Strictly speaking, the relevant osciilogram is that of the
voltage drop F, between a reference electrode and the sample, rather than V,.
However, the space-charge capacitance at the platinum surface is orders of
magnitude larger than that at the semiconductor surface. Hence, only a
negligible fraction of the applied bias is expected to drop across the Pt/elec-
trolyte interface, so that the two traces should yield practically identical
results. This was indeed checked to be the cas~ by the occasional use {8,9) of a
reference electrode.

In most cases a space-charge layer exists at the semiconductor surface,
characterized by an equilibrium barrier height V,, and a space-charge density
Q.- If surface states are present, there may also be an equilibrium surface-state
charge of density Q,,. The voltage pulse, of amplitude anywhere between 0
and 100 V, charges up the semiconductor surface region. As will be shown in a
moment, the voltage drop V,, measured just after the termination of the pulse,
represents to a very good approximation the change 8¥, = ¥, — ¥, in barrier
height induced by the applied pulse. (We assume for the moment that there is
no foreign layer such as an oxide at the semiconductor surface.) The voltage
drop ¥, across the series capacitor C, again measured just after the termina-
tion of the pulse, yields the overall charge Q; (= CV.) passing through the
system. The charge density O, (per unit area) is obtained by dividing Q,, by
the area of the semiconductor surface exposed to the electrolyte.

As suggested above, Q,, is made up in general of three components:

‘Q(M-SQn+8Qu+QL’ (8)

where 8Q,. = Q,. — Q.0 is the change in space-charge density, 8Q,, = @, -
Q.. is the change in surface-state charge density, and Q, is the density of the
charge leaked across the S/E interface. In terms of electron densities, this can
be re-written as

No =8N, +8N,+ N, (9)

where N,, is the total electron density passing through the system,

- N
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Fig. 2. Equivalent circuits representing semiconductor/clectrolyte interface. (a) Perfectly blocking
interface. (b) Simple leakage mechanism. (c) In presence of surface states. (d) Stored leakage
mechanism.

8N, = N, — N is the change in excess surface electron density, 6N, = N, — N,
is the density change in surface-state occupation, and N, the density of
electrons that have leaked across the interface.

We shall now discuss the experimental procedure used in determining the
magnitudes of the three components in eq. (8) or (9). This is best done in
terms of the equivalent circuits shown in fig. 2. The ideal case of a perfectly
blocking interface and no surface states is simulated by fig. 2a. Here the
space-charge capacitance C_ is shown in series with the combined resistance »
of the electrolyte and the underlying semiconductor bulk below the surface.
Typically, r is about 60 2, approximately half of which representing the
electrolyte resistance and the other half the sample resistance. Fig. 2b repre-
sents the simplest form of leakage across the interface, where a shunting
resistance R, is introduced in parallel with C,_.. More complex circuits
prescribed by the experimental results to be presented below are shown in figs.
2c and 2d. In fig. 2¢, R is replaced by a resistor R, shunted by a diode, both
in series with a capacitor C,,. This circuit corresponds to the case in which
surface states are present and charge leakage is totally absent. On the
application of a positive pulse, such states charge up very quickly, hence the
shunting diode. Their discharge following the termination of the pulse is
usually much slower, the more so the deeper they are located energetically and
the lower the temperature [6]. Lastly, the circuit in fig. 2d simulates a special
type of charge leakage, observed to take place in strong accumulation layers.

It should be noted that the equivalent circuits shown in fig. 2 serve merely
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as a means of classifying the different processes at the S/E interface on the
one hand, and as aids in the understanding of the methods of measurement,
on the other hand. They do not represent accurately the actual conditions at
the interface. In particular, all elements of the equivalent circuits (except r)
are in reality not passive but voltage dependent.

The detailed circuitry corresponding to the experimental arrangement shown
in fig. 1 is displayed in fig. 3a. The sample is represented here (in the dashed
enclosure) by the surface-state equivalent circuit of fig. 2c. The pulse genera-
tor, of internal resistance r, (=50 £2), is connected across the sample in series
with the capacitor C. The magnitude of C is chosen so as to be large compared
to the semiconductor surface capacitance, typically by a factor of 100 or so.
The voltage developed across it is thus smaller (by the same factor) than the
voltage developed across the space-charge layer. The diode D permits rapid
charging of the system while the pulse is on and prevents its discharge
(through the low-impedance pulse generator) after the termination of the
pulse. The electronic switch S shorts point A (the Pt electrode) to ground a
short time d¢ (usually 0.1 pus) following the pulse termination, sufficient to
permit accurate readings of V, and ¥V, just after the termination of the pulse.
The residual resistance r, of the shorted switch is a few Ohms. In silicon, R is
found to be very large compared to both r, and .

Fig. 3b illustrates the time variations of V, and V, during and following the
application of a positive puise of amplitude V. All the values marked in fig.
3b correspond to unit surface area. The initial rise in V, (at t=0,), up to the
value V,r/(r+r,), is very fast (about 0.01 us) and represents the ohmic
voltage drop across r. Subsequently, ¥, rises much more slowly as C_ and C,
charge up. At the termination of the pulse (t=T), V, drops rapidly to the
level 8V,, where 8V, is the voltage developed across C,, i.e. the induced
change in the potential barrier height. As for V_. it rises monotcnically up to
t =T, to the level @,,/C, where Q,, is the total charge density induced by the
pulse, consisting of the changes 8Q, and 8Q, in the spacecharge and
surface-state charge densities. Both ¥, and ¥, remain nearly constant up to the
activation of the shorting switch (at ¢=T7 +d¢). At this point V, drops
abruptly to practically zero (V. being very small compared to ¥, ), and charge
redistribution among C,.. C,, and C begins to take place. In the first stage, the
charge 8Q, stored in C and its equal counterpart in C discharge relatively
fast through r + r,. The decay constant associated with this process is ap-
proximately (r + r,)C, (C,. being small compared to C) and is typically a few
microseconds. As a result, V, decays (with the same decay constant) to the
value 8Q,./C, 8Q,, being the charge remaining in C after the fast decay
process. Thereafter ¥, decays with the much longer surface-state time constant
of approximately R,C,. This behavior [R,C, » (r + r,)C,] is characteristic
of the silicon interface and enables the separate determination of both C,. and
C,. as well as of R,,.

s




450 M. Wiloveisky et al. / Space charge ard surface siate characteristics of S / E

The pulse response of an interface represented by the stored leakage circur
in fig. 2d is identical, except for the impcrtant difference exhibited by the last
decay stage of V. After the fast decay following the activation of the switch,

D
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r—————
} |
o 'c’: {
T v
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volll hoi l
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Ve
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100x8Qes/'C H \—t
0 T T+dt

(b)

Fig. 3. (a) Circuitry of experimental arrangement. The sample is represented (in dashed enclosure)
by the surface-state equivalent circuit (fig. 2¢). (b) Schematic representation of expected pulse
responses of the voltage drops ¥, and ¥,. Pulse amplitude ¥, pulse duration T. shorting switch
activated at T + dr. (c) Actual pulse responses of ¥, (upper trace, 1 V/cm) and ¥, (lower trace. 50
mV /cm) for Si/electrolyte interface (C = 0.33 uF, R + 7, = 70 Q. surface area of interface § = 1.9

* mm?). Time base 5 us/cm. Some derived values: 8V, =08 V. S8Q, =~ 28x107% C (5N, = 9%

102 cm~ ).
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Fig. 3. (Continued).

which is characterized by the same decay constant of (- + r,)C,., V., remains
constant indefinitely. (In practice, ¥, decays very slowly, with a time constant
of typically 1 s, determined by the values of C and of the input impedance of
the CRO.) It is this difference that makes it possible to distinguish in actual
situations between charge storage in surface states (fig. 2c) and stored leakage
charge (fig. 2d).

It should be noted that the leakage mechanism represented by fig. 2d
involves charge storage (in C, ) and dissipation (through R, ), whereas in the
simple leakage mechanism represented by fig. 2b, charge is not stored but
dissipates continuously. One way of distinguishing between the two mecha-
nisms is that for the same change 8V, in barrier height, the leakage charge
should be, over a wide range, independent of pulse duration in the former
case, as was observed for silicon, whereas it should increase with increasing
pulse duration in ihe latter case.

As will be discussed below, in silicon the surface-state process is operative
in depletion and weak accumulation layers, whereas for strong accumulation
layers the stored leakage mechanism becomes significant as well. This can be
simulated by adding to fig. 3a the stored leakage branch (C,.. R, and the
diode) of fig. 2d in parallel with the existing surface-state circuit (fig. 2c). Such
a combination leaves the initial fast decay in V. unaltered [decay constant
(r+1r)C.] The slow decay, however, now consists of two components:
initially, ¥, decays from (8Q,, + @, )/C to Q. /C, with the surface-state time
constant of R, C,,, followed by a non-decaying component representing the
stored leakage charge Q, .

z.-
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Typical oscillograms illustrating the actual pulse response of the Si/electro-
lyte interface for an applied positive pulse (induced accumulation layer) are
displayed in fig. 3c. The upper and lower traces depict the time variation of ¥,
and V,, respectively. They are seen to be very similar io0 the corresponding
schematic diagrams in fig. 3b, indicating that the models discussed above do
indeed provide a realistic description of the S/E interface. As expected,
however, the decay processes of ¥, following the activation of the shorting
switch are not exponential, since the capacitative and resistive components in
the actual S/E interface are not passive elements but voltage dependent. This
does not interfere at all with the measurement of 8V,, 8N,, 8N, and N, and
the results to be presented below were obtained precisely as described in
connection with fig. 3b. It should be noted that the fast decay in V, is
characterized by a decay time of 2 to 3 ps, just the value 10 be expected from
the discharge of the free electrons in the accumulation layer previously
induced by the applied pulse {(r + 7,)S8Q, /8V, = 2.5 us, S being the area of
the silicon surface in contact with the electrolyte]. Accordingly. we identify the
amplitude of the fast component as representing the induced change in
space-charge density. As to the subsequent, much slower decay apparent in the
V. trace (decay time in the millisecond range), evidence will be presented
below that it represents the discharge of surface states previously filled by the
pulse. Its amplitude yields the change in surface state occupancy, while the
decay characteristics are controlled by the kinetics of electron release back
into the silicon conduction band. Finally, in strong accumulation layers, the
slow decay is followed by a non-decaying component representing the leakage
charge. For the same induced change 8V, the magnitude of this component is
found to be independent of pulse duration, indicating that the leakage is of the
storage type (fig. 2d).

In order to get some idea as to the composition of the silicon interface, an
Auger analysis was carried out. After the conclusion of the electrical measure-
ments, one of the samples was removed from the electrolyte and inserted into
the vacuum chamber of a Physical Electronics Scanning Auger Microprobe.
The electron beam diameter was about 5 pm and, in order to minimize
possible electron desorption, a scanning mode over an area of 0.1 X 0.1 mm?
was employed. Calibrated argon-ion sputtering (at 2000 eV) was used to
peel-off successive layers of the surface region.

4. Results

The results to be reported are based on the analysis of oscillogram traces of
the type shown in fig. 3¢ above.. Under equilibrium conditions, a depletion
layer usually exists at the Si surface in contact with the electrotyte. Since the
measurements described above yield directly only the changes 8N, = N, — N,

-
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Fig. 4. Change N, ~ N, in excess surface electron density versus Fgo — F, as calculated for
Vo = —0.22 V. Corresponding values of the barrier height ¥, are marked off at upper abscissa.

and 8N, = N, — N, in the excess-surface and surface-state electron densities
as functions of 8V, =V, ~ V,,, the first task is .o determine the equilibrium
barrier height V. [The equilibrium surface electron density N is then derived
from egs. (4) to (7).) Using eq. (4), we can write for depletion layers (V, and ¥,
negative) :

8”;‘(“0”5"7'/‘12)‘/2(’:0‘Fs)' (10)

where F, and F, are the values of F, for ¥, and V,, + 8V,, respectively, as
given by eq. (7). A plot of the N, — N, data against the calculated values of
F, — F, should yield a straight line only if the correct value of ¥, is chosen in
the calculation of F, and F,. A simple computer program has been set up to
so determine ¥,. The results are shown in fig. 4, where the choice of
Vo= —0.22 V is seen to lead to the required linear relation. The accuracy of
this method is about +0.02 V, the limits for which deviations from linearity
become detectable. The slope of the straight line yields the electron buik
concentration n, [see eq. (10)). The value so obtained is marked on fig. 4 and
agrees well with Hall effect measurements.

Once ¥, and N, have been determined, the complete N, versus V, curve
(depletion and accumulation ranges) can be evaluated from the measured data
through the relations V, = ¥, + 8V,, N, = N, + 8N,. Typical results obtained
in this manner are displayed by the open circles in the semi-log plot of fig. 5.
In the depletion range (¥, < 0), N, is negative but, because of the logarithmic
scale used, the plot is that of its absolute magnitude. The solid curve
represents eqgs. (4) and (5), and is seen to account well for the data in depletion
and moderate accumulation layers. The deviations of the points from the
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Fig. 5. Surface electron density versus barrier height. Open circles represent excess surface electron
density N,, with theoretical curve calculated from eqs. (4) and (5). (In the depletion range, V, <0,
N, is negative and the plot is that of — N,.) Full circles represent sum of density N,, of occupied
surface states and of density N, of electron leakage.

theoretical curve for stronger accumulation layers will be discussed below. The
full circles represent the sum of the occupied surface-state (N,,) and the
electron leakage ( N ) densities. The curve plotted through these points (dashed)
is seen to rise from a low value up to a saturation level which remains constant
over a considerable range of V,. Thereafter it rises steeply (nearly exponen-
tially) with increasing ¥,. Such a behavior indicates that the plateau represents
the total density of surface states which, at V, = 0.2 V fill up completely, while
the steep rise for stronger accumulation layers is associated with electron
leakage across the S/E interface. This conclusion is supported by the observa-
tion that in the plateau region the decay time of the charge stored in the series
capacitor C (see fig. 3) is less than 2 ms (see fig. 9 below), whereas the decay
time associated with the steeply rising component for strong accumulation
layers is 1 s, the instrumental time constant.

Independent evidence for the above interpretation is provided by the data
displayed in fig. 6. Here, similar results, obtained on a different Si sample, are
shown (open and full circles) in the accumulation range. After these data had
been taken, a small positive DC bias was superimposed in series with the pulse
generator. As a result, the equilibrium barrier height of V= —0.42 V has
been shifted to +0.09 V, corresponding to a very weak accumulation layer.
Pulse measurements carried out under these conditions are represented by the
open and full triangles in fig. 6. It is seen that the N, data obtained before
(circles) and after the application of the DC bias (triangles) coincide, as they
should. However, the surface-state plateau has disappeared, leaving behind
only the leakage component N,, which now varies exponentially with V,
throughout. As expected, the DC bias shifts the energy bands downwards and
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Fig. 6. Surface electron density versus barrier height in the accumulation range. Circles correspond
to equilibrium barrier height (¥4 = —0.42 V), triangles to shifted barrier height (Vo = +0.09 V)
as produced by DC bias.

as a result the surface-state levels are broug!.. below the Fermi level and
become fully occupied. Charge induced by positive pulses can then no longer
be localized in surface states: it can only reside in the space-charge region and
possibly leak across the S/E interface.

The departure of the N, points from the theoretical curve under strong
accumulation conditions, as seen in both figs. 5 and 6. may have two possible
origins. One may involve the theoretical curve which was calculated classically,
without taking into account quantization effects. Such effects are expected to
broaden the accumulation layers and hence to shift the corrected curve
towards larger V, values, bringing it somewhat closer to the experimental
points. However, as was pointed out above, the corrections to the classical
curve are expected to be relatively small (8.9}, far from sufficient to account
for the experimental data. The other, and more likely possibility is that an
oxide layer at the Si surface is responsible for the major part of the observed
deviation. The effect of the series Helmholtz layer cannot be completely ruled
out although we have good grounds [1) to suppose that it is appreciably
thinner. In any case, the series combination of these two layers would
effectively introduce a “geometric” capacitance C in series with the Si surface
capacitance. Referring to figs. 2 and 3, one can readily see that the measured
values of the induced charge densities 8@, , §Q,, and @, will not be affected
by the presence of C,. However, the voltage drop V, (measured at the
termination of the pulse) will now be distributed between C, and the space-
charge capacitance C_. Thus, the effect of the oxide and Helmholtz layers
would be to reduce 8V, by Q,,/C,. The results in fig. 5 are re-plotted in fig. 7
on this premise, with C, chosen so as to obtain the best fit between the



-

—

]

456 M. Wolovelsky e1 al. / Space charge and surface state characteristics of S / E
;-‘; 10t E T T ”
S E np= 4.810%cm?
> [ Wo= 023 ev
g 107 3 Vao> -022 V
8 F Ce=6 wFrem?
Z | d=6 A
8 102 3
[~ E
I F
w r
@ yon
10
g ¢ ’ -
& r DEPLETION RANGE ACCUMULATION RANGE 4
3 100 sl . | 1 N 1 N
® -1 -0.6 -0.2 0.2 06 1

BARRIER HEIGHT V, (V)

Fig. 7. Re-plot of data in fig. 5 on the assumption that an oxide layer 6 A thick (introducing
geometric capacitance C, of 6 uF /cm?) is present on silicon surface.

adjusted points and the theoretical curve. The agreement is not bad, consider-
ing that only one adjustable parameter (C,) has been used. The magnitude of
C, so estimated is 6 uF/cm?. Using a value [11] of 3.9 for the relative
dielectric constant of silicon oxide, we conclude that the oxide layer is 6 A
thick, somewhat less if we take into account the appreciably larger but
unknown-precisely Helmholtz capacitance. This corresponds to about 2 mono-
layers (ML), which is quite reasonable. Attempts 1o dissolve the thin oxide
layer by adding HF to the electrolyte did not succeed, the changes introduced
being within the experimental uncertainty.

It should be noted that whether the deviations are due to the presence of an
oxide layer as assumed above, to quantization effects or to some other
unknown factor, they do not affect the analysis to be presented below of the
surface state data. Inspection of fig. 5 shows that the plateau level in N,
corresponding to fully occupied surface states, is reached before the N, points
begin to deviate from the theoretical curve. Thus, the ¥, values in the pertinent
range (¥, <0.2 V), which are used in the analysis below, are not adjusted
values.

The N, results in fig. S are re-plotted in fig. 8 on a linear scale. One sees
that the surface states begin to fill up at ¥, = —0.2 V and when ¥, = +02 V
they become fully occupied at a density of 9 x 10'' cm ™2, [Coincidentally, for
this sample (W, = 0.23 eV), they are half filied under just about flat-band
conditions (V, = 0)]. The dashed curve represents the Fermi-Dirac distribution
function for a discrete distribution of surface states located 0.23 eV below the
conduction-band edge. Obviously, such a distribution cannot account for the
data, indicating that the surface states must be spread out in energy. The
simplest distribution of this sort is a continuous uniform distribution. The best
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Fig. 8. Density N, of occupied surface states versus barrier height V,. Curves represent Fermi-Di-
rac function for discrete (dashed curve) and continuous uniform (full curve) distribution of surface
states.

fit, represented by the solid curve. was calcul~ted for such a distribution,
centered 0.23 eV below the conduction-band edge and spreading up to
AE =0.11 eV on either side.

More direct evidence for the essentially uniform nature of the surface-state
distribution is derived from measurements of the decay characteristics of the
surface-state charge following the activation of the shorting switch. In the
equivalent circuit of fig. 3, the decay is exponential (with a time constant of
R, C,,). This would have also been the case for the actual surface were the
surface states discrete in energy. The interaction kinetics between the surface
states and the conduction band would then be governed bv [6}]

dN,/dt=v;A[n(N,~N,) ~n,N,]. (11)

where N, is the total density of surface states (occupied and unoccupied), vy is
the electron thermal velocity, A is the capture cross section of the surface
states, and n, is the electron volume concentration at the surface; the so-called
emission constant n, is given by

ny = N, exp| - (E, - E,) /kT]. (12)

where N, is the effective density of states in the conduction band and E_ - E,
is the energy depth of the discrete surface states below the conduction-band
edge E.. Under the conditions of the experiment, the surface states are filled
up by the applied pulse. Following the activation of the shorting switch, the
initial depletion condition of the surface is practically fully restored after the
relatively fast decay of the induced space charge. and before the onset of the
slower decay in surface-state charge. Hence, n, is very small throughout the
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surface-state decay process and the first term on the right-hand side of eq. (11)
can be neglected. The solution of this equation is then

Ny =N, exp(—1/7,). (13)
where 7, is the surface-state time consiant given by
fss=l/(UTA”|)' (14)

The decay in surface-state charge should thus be exponential.

Actually, the measured decay is far from exponential. exhibiting decay
times ranging from microseconds to milliseconds (see fig. 9 below). This
immediately indicates that the surface states are not discrete but spread out in
energy, with the shallow ones discharging first and the deeper ones with
increasing decay times the deeper they are located. For a continuous distribu-
tion, N and N, in eq. (11) should be replaced by N (£) and N(E). the
occupied and total surface-state densities per unit area and now per unit
energy as well. The solution then becomes

N55=/E‘+AEIV“(E) d£=f5'*‘£,~‘4(£) exp[ —1/7(E)] dE, (15)
EI_AE E,-AE

where the integration extends over the energy range +4 £ encompassing the
surface states, and

1(E) = (1/vr AN,) exp[(E. ~ E)/kT]. (16)

The three sets of points in fig. 9 represent the time dependence of N, the
density of occupied surface states, measured at three temperatures as marked.
In order to accommodate the large range of decay times, a rather non-conven-
tional logarithmic time scale has been employed. The parameters E. — E, and

8 T T
L ne= 2.310% ¢cm=? |
Veor -04 V
- 6 Ec-Er= 0.32 av
S AE= 011 eV
E T 1
’_U
4 7= 281 K ]
L J
2
Z
2F .
+ A 1
0 FUETETS NTTI S E SFE DT BT ATE DTV B
10°¢ 1075 1074 1073 1072

TIME (sec)

Fig. 9. Deca)y characteristics of electrons trapped in surface states measured at three temperatures
as marked. Parameters of surface states, as determined by surface capacitance measurements. are
listed at top. The curves were calculated from eqs. (15) and (16) based on these parameters.
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Fig. 10. Auger survey of silicon surface. (a) Immediately after sample was removed from
clectrolyte. (b) After 1 min argon-ion sputtering. (c) After prolonged argon-ion sputtering.

AE of the surface-state energy distribution have been determined from the
analysis of N, versus V, data similar to that shown in fig. 8 for a different
sample, and are listed at the top of fig. 9. The curves in fig. 9 were calculated
by numerical integration of egs. (15) and (16), based on these parameters. The
surface-state distribution in the energy intervai +Aa £ nas been assumed 1o be
uniform [N, (E) constant]. The only adjustable parameters used were the
values of the cross section, and these solely for the purpose of determining the
vertical positions of the calculated curves. The cross sections come out a little
different for the three temperatures (3.5 X 10~ '8, 4 x 107 '® and 9 x 10~ '8 cm?
for 281, 298 and 338 K, respectively). The calculated time dependences have
not been adjusted at all and are seen to account very well for the data.

The width and composition of the thin oxide layer assumed to be present at
the silicon surface while in contact with the electrolyte cannot be determined
by direct means. Obviously, even if such a layer were absent for some reason,
it would undoubtedly be formed after removal of the sample from the
electrolyte. Nevertheless, some idea as to the characteristics of the oxide can
be obtained from the Auger spectra in figs. 10 and 11. taken for a sample that
had previously been immersed in a Ca(NO,), electrolyte. In fig. 10 are
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Fig. 11. Auger spectrum on an expanded energy scale showing the Si; line for the same three
stages as in fig. 10.

displayed three representative Auger surveys taken at one point of the silicon
surface. Curve (a) was obtained right after the sample was inserted into the
Auger chamber. The Si line around 90 eV (designated by Si;) is heavily
masked by carbon and oxygen coverages, as evidenced by the strong C and O
lines. A weak Ca line is also apparent. Curve (b) was obtained after a 1 min
argon-ion sputtering. Using a value of 0.5 for the sputtering yield [(12], we
estimate that some § A of the surface region have been sputtered away. The
carbon and oxygen coverages have been appreciably reduced, as evidenced by
the strong enhancement of the Si, line. The Ca line, on the other hand, is still
present, with its amplitude relative to that of the oxygen line almost undi-
minished. Curve (c), obtained after a more prolonged argon sputtering, repre-
sents the clean state of the silicon surface.

In fig. 11, the Si; line is plotied on an expanded energy scale for the same
three stages as in fig. 10. For the unsputtered surface {[curve (a)), the amplitude
of the silicon oxide line {13] (at about 80 eV) is seen to be roughly 50% larger
than that of the silicon line (at 90 eV). Analysis of this curve along the lines
used by Kelemen et al. [14) yields an oxide-layer thickness of about 15 A.
After the 1 min sputtering [curve (b)}, the amplitude ratio of the silicon oxide
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and silicon lines decreases, leading to an estimated _oxide-layer thickness of 10
A. This is consistent with our estimate that a 5§ A layer has been sputtered
away. In curve (c), corresponding to the clean surface, only the Si line is
present, as expected.

Auger scans performed at different locations of the surface show some
variation in the relative amplitudes of the silicon oxide and silicon lines. The
best estimate for the initial oxide thickness. obtained by averaging the data
over the surface, is 12 A. The margin of error in this value is, however. quite
large, at least 25%.

5. Conclusion

The pulse technique method applied to the semiconductor/electrolyte
system appears to be a powerful tool for the study of silicon as well as other
semiconductor surfaces. It enabies a wide swing in barrier height. ranging
from depletion to extremely strong accumulation conditions. As a result, a
fairly detailed characterization of the space-chr-ze layer and of the surface
states becomes available. As for depletion and moderate accumulation layers
on silicon, the N, versus ¥, data obtained are in good agreement with the
expressions derived from the classical solution of Poisson's equation. Such
agreement has been obtained with no adjustable parameters whatsoever. It is
maintained irrespective of whether the surface states are fully occupied or
empty (see fig. 6). In the former case, the entire charge induced by the applied
positive pulse (aside from the small leakage charge) resides in the space-charge
region in the form of free electrons. In the latter case, the surface states absorb
a significant fraction of the induced charge, and it is the special feature of the
pulse technique used that enables a quantitative separation between the charge
trapped in the surface states and that induced in the space-charge region. This
is substantiated by the observation that the N, versus ¥, data for the two cases
are identical. This example and the general agreement between theory and
experiment lend, we believe, strong support to our contention that the meas-
urement technique is adequate, and provide confidence in the analysis of data
in stronger accumulation layers where the experimental points appear to
deviate from the theoretical curve. One might argue that the lack of agreement
in this range may be indicative of the involvement of electrochemical processes
rather than that of the simple process of the charging of the space-charge
region. However, the pulse response in both the moderate and the strong
accumulation ranges appears identical in shape and detailed characteristics,
and it is therefore unlikely that such a sharp change between “physical” and
“chemical” mechanisms would take place in the transition between moderate
and strong accumulation condiiions. In both regimes the results are indepen-
dent over wide limits of the applied pulse duration. Even the strongest
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accumulation layer can equally well be induced in as short a time as 0.2 us as
{with much lower pulse amplitudes) in 10 ps or longer. Also, and more
important, the fast decay process (following the activation of the shorting
switch) is characterized by just the decay time expected from the discharge of
free electrons in the previously induced accumulation layer (see discussion in
connection with fig. 3c). It would be too much of a coincidence if these and
other features of the observed pulse response would be the result of electro-
chemical processes. We strongly believe, rather, that the differences between
theory and experiment found in very strong accumulation layers are due to the
presence on the silicon surface of an oxide layer. A 6 A layer. corresponding to
about 2 ML, appears to account well for the observed differences, with the
good agreement with theory now extending throughout (see fig. 7). The fact
that only one parameter is required for such a fit lends further support to our
interpretation.

The Auger data indicate that an oxide layer about 12 A thick exists at the
surface. Some of the oxide has probably grown when the sample was trans-
ferred from the electrolyte into the Auger chamber. Very likely, this accounts
for the thickness estimated from the Auger data being larger than that derived
from the electrical measurements. At the same time, the persistence of the
calcium line (originating from the Ca(NO,), electrolyte used), after some 5§ A
of the surface region had been sputtercd away, suggests that part of the oxide
had been present on the silicon surface while in contact with the electrolyte.
The fact that HF added to the electrolyte does not seem to remove the oxide
may be considered as an argument against this supposition, but it is more
likely that the oxide is continuously replenished while being dissolved by HF.

The presence of the oxide layer, thin as it is, precludes the use of the
space-charge capacitance measurements for a more detailed study, similar to
that achieved in ZnO {8.9], of quantization effects in the induced accumulation
layers. This is because in the range of most interest (surface electron densities
between 10" and 10" cm™?), the width of the space-charge layer approaches
and eventually becomes comparable to the thickness of the oxide layer and, as
a result, the barrier height cannot be determined to any reasonable accuracy.
The mere fact, however, that such strong accumulation lavers can be induced
at the silicon surface opens up interesting possibilities of studying quantization
effects by other means. In particular, transport and optical measurements of
the type performed on MOS inversion layers {4.5) could no doubt be advanta-
geously employed for this purpose, with the available range of surface electron
densities extended tenfold.

There are several arguments supporting the identification of the observed
interface states with surface states at the silicon surface, rather than with more
complex electrochemical reactions. The first is based on the observation of the
extended plateau in the N, versus V, curve (see figs. 5 and 6). The plateau
signifies the complete filling up of all the interface states and determines
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directly their density at about 10'2 cm™2, This is just the density of surface
states typical of oxidized silicon surfaces [6,15]. Moreover, the plateau is
observed to disappear completely after a small positive DC bias has been
applied (fig. 6). This is the very behavior expected from surface states: the DC
bias shifts the energy bands downwards and, as a result, the surface-state
energy levels are brought below the Fermi level and become fully occupied.
Under these conditions the surface states cease to be operative in the pulse
measurement, hence the disappearance of the plateau. Finally, further support
for our interpretation is provided by a completely different type of measure-
ment, that of the decay characteristics of the charge trapped in the interface
states. The points in fig. 9 represent the measured decay in the trapped
clectron density N, while the curves were calculated on the basis of the state
parameters as derived from analysis of the N, versus ¥V, data. The curves are
seen to account very well for the measured time dependencies (at three
temperatures) characterizing the processes of electron release from the states
into the conduction band. It should be noted that the calculated time depend-
encies are very sensitive to the energy position of the states [see egs. (15) and
(16)). so that the good agreement is most signific. xt. It is difficult 1o envisage
any mechanism other than the one involving surface states that would be both
self-consistent and compatible with these various observations.

It appears, then, that a fairly complete mapping of the surface-state
distribution in the upper half of the silicon energy gap has been achieved. The
surface states, of total density around 10'> cm~2, are found to be uniformly
distributed over an energy interval of 0.2 eV. Much the same density and
energy distribution has been observed for a number of samples. The center of
the uniform distribution has been found, however, to vary somewhat from
sample to sample, lying in the range 0.23 t0 0.33 eV below the conduction-band
edge. The measurements described do not probe any surface states that may
lie in the lower half of the energy gap. Such states, if present, would be fully
occupied in equilibrium and would take impractically long times to release
their electrons when depletion layers are induced. The origin of the surface
states is not known. Judging from the value of their capture cross sections
(around 5 X 107'® cm?) they should be of the “fast™ type and are probably
situated very close to the boundary between the silicon surface and its oxide
(6}

The results shed also some light on the charge leakage process across the
Si/electrolyte interface taking place under strong accumulation conditions.
The observation that such leakage increases nearly exponentially with barrier
height and hence with interface field suggests that electrons tunnel from the
accumulation layer into some unidentified ionic species in the electrolyte. The
charge leakage can take place practically instantaneously, in less than 0.1 us
following the onset of the applied pulse, as expected from a tunneling process.
What is most surprising, however, is that the leakage charge remains stored
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somewhere close to the interface for a considerably longer time. It could well
be that the tunneling clectrons saturate all the active ionic species within a
tunneling distance corresponding to the induced interface field. The storage
time may then represent the time it takes for the neutralized idnic species to
diffuse away from the interface. More work is required to elucidate the nature
of this rather unexpected type of leakage.

The pulse techniques described in this paper can also be used advanta-
geously to map out the energy distribution of bulk states when present {2]. Just
as for the case of surface states discussed here. the occupation of bulk states in
the space-charge region can be varied by inducing changes in the surface
barrier height. The analysis is then more involved but it is still manageable.
Preliminary measurements on amorphous silicon and copper indium diselenide
look promising tn this respect.
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ALLOYING EFFECTS ON THE OPTICAL ARSORPTION EDGE AND
PHOTOCONDUCTANCE OF RF SPUTTERED a-Sn,Si;_,:H FILMS
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ABSTRACT

Hydrogenated amorphous Sn-Si augy films were prepared by
reactive co-sputtering at 220 and at 110 C. The tin content of the
films varied between 0.3 and 4.7 at.%. The optical sbsorption and
photoconductivity were measured as s function of wavelength and film
composition. The energy gap, as evaluated from these measurements,
decreases with increasing tin content, more strongly for samples
prepared at the lower temperature. The photoconductance response,

yv, varies strongly, by about three orders of magnitude, as the Sn
concentration increases to 4.7 at.§ and is quite different for the two
kind of samples.

INTRODUCTION

Over the last few years considerable effort has been devoted to the
study of silicon based hydrogenated amorphous semiconductor alloys.
Most of this research was prompted by the need for new materials to
be used {n photovoltaic solar cells. It was found that the optical band
gap of the alloys changes systematically with composition and it
becomes possible, at lesst in principle, to taylor the gap to any
particular application. Alloys of Si with Ge or C received most of the
attention and have been by now reasonably well characterized {1-14].
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The electronic snd optical properties of hydrogenated amorphous
alloys of S{ with Sn wers investigated much less extensively. Itozaki
et al. [13) investigated the conductivity and optical gap of Si-Sn
alloys prepared by sputter-assisted plasms CVD, where the glow
discharge is used both to decompose silane gas and to sputter Sn from
a solid tin target. Williamson et al. (16]) studied the structure,
conductivity, and optical properties of films prepared by reactive
co-sputtering using a planar magnetron target holder. The target
consisted of a silicon target and small pieces of tin wafers in a random
array. The sputtering power used was relatively high (- 500 W) and
the substrate was rotated to ensure uniformity. The substrate
tempersture during sputtering was about 150 - 170°C. Mahan et al.
(17]) studied the optical gap and photoconductivity of films prepared
by the glow discharge technique using silane, hydrogen, and SnCl,
or Sn(CHy), gas mixtures.

In this paper we present a study of the optical properties and
photoconductivity of hydrogenated amorphous a-SnxSll_x:H alloys
prepared by reactive RF sputtering. The usual procedure in the
preparation of hydrogenated amorphous films is to heat the substrate
during deposition to elevated temperatures (around 200 - 300°C) and
we did 8o likewise. However, to see the influence of deposition
temperature upon film properties we studied also samples prepared at
s much lower temperature (110°C). The method of film preparation
was similar to that of Williamson et al. (16], except that the tin pieces
were placed on one side of the silicon target and each deposition
yielded thus a fiim with a compositional variation along its length.

FILM PREPARATION

The a-Sn,8{;  :H films were sputtered reactively in a
conventional parallel plate RF (13.58 MHz) sputtering system using a
ges mixture of argon at 12 mTorr and hydrogen at 2 mTorr and an BF
power of 50 W with a cathode self-bias voltage of -900 V. In order to
produce a compositional gradient in the plane of the substrate we used
a silicon full-disc target (of 15 cm dia.) on top of which we bonded a
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FIGURE 1. The atomic concentration of silicon, tin, and oxygen a8 &
function of sputtering time with Ar jons for a 3.5 at.$ tin sample,
obtained by Auger depth profiling.

number of small (~ 1 cm dis.) tin discs. The tin discs were grouped
into a spherical sector of sbout 30°. The substrates, quartz or 7059
glass, were mounted on an electrically grounded steel plate facing the
target in & plane parallel with and 5§ cm above the target. The steel
plate was electrically heated to maintain the substrate at the desired
tempersture. Samples prepared at two temperatures, 220 and 110°C,
were studied.

The substrates were 1.2 cm wide and 15 em long and were
positioned above the target with the long axis bisecting the 30°
sector with the tin discs. The Sn~-Si films were about 13 em long and 3
mm wide. For electrical measurements 50 metal contacts were
deposited onto the substrate at intervels of 2.5 mm prior to the
deposition of the Sn-8i film, thus dividing the film into 49 samples.

To evaluate the composition of the film as a function of position we
used Auger electron spectroscopy. We used depth profiling to
sscertain that the tin concentration is constant throughout the sample
thickness. In this method the sampie surface is being peeled-off by




294 PEREZ ET AL.

controlled argon-ion sputtering while continously monitoring the
Auger spectrum. An example of such s messurement is shown in Fig.
1. The data were taken using an argon-ion beam at 4 kV and an
electron beam at 5 kV. We plot in Fig. 1 the atomic concentration of Si
and Sn as & function of sputtering time for a sample having about 3.5
at.$ Sn. As can be seen in the figure, after the sample has been
cleaned off. the Sn concentration is fairly constant throughout the -
‘sample thickness. We also monitored the oxygen concentration in the
films; in the sample shown in Fig. 1 the concentration of oxygen is
below 0.5 at.%. The sbove is true for samples having a tin
concentration below about 10 at.4. Auger depth profiling of semples
with higher tin content showed that Sn tends to precipitate to the
surface and in parslle! we also found s higher oxygen content. The
results presented in this paper were obtained on samples having low
Sn concentration and the oxygen content and the uniformity of the tin
concentration was always checked with Auger depth profiling.

RESULTS

The optical absorption coefficient o as & function of wavelength
was measured by using s Nicolet 6000 FTIR spectrometer. The
analysis of the data followed the procedurs outlined by Cody et al.
{18]. The optical band gaps Eg were determined by fitting the
measured absorption coefficient by the Tauc relation

172

(ahy) = constant(hy - EG)

for photon energies hy > Eg. In Fig. 2 we plot the values of the
optical gaps as & function of Sn concentration for two a=8ny8iy_, :H
films, one prepared at 220°C (triangles) and the other at 110°C
(circles). We see that the gaps for both films decresse fairly rapidly.
and much more 80 for the film prepared at the lower temperature. The
value for a~8i:H (square), aleo shown in the figure, was measured on
& film prepared st 220°C under similar conditions as the a-8n,8i, . :H
films but with a target of silicon only (without tin).

The rate of decrease of the optical absorption coefficient with
decreasing photon energy was found to be very much the same for

.
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FIGURE 2. The optical band gap as a funct&on of tin concentration fé»r
two a-Sn Sil_ :H films prepered at 220 C (triangles) and 110 C
(circies) &hd aff a-Si:H sample (square).

samples prepared at both temperstures. The decrease is quite
gradual and nowhere as abrupt as, for instance, in a-Ge,Si;_,:H
alloys [13], indicating the presence of defect states introduced by the
alloying. As an example, we plot in Fig. 3 the optical absorption
coefficient on a logarithmic scale as & function of photon energy for
five samples prepared at 110°C and having different tin cotent, as
marked. The full symbols represent optical data and were obtained
from optical transmission measurements. The open symbols represent
data derived from photoconductivity measurements, and, as can be
seen in the figure, are in good agreement with the optical data. We
notice that the data shift to lower energies with increasing tin
content, as expected. ’

The photoconductivity was messured using a Bausch & Lomb
monochromator, a chopper at 17 cps and s lock-in amplifier. The
photon flux was determined by measuring the photoconductivity of a

germanfum single-crystal sample, the carrier lifetime (20 psec) in
which had been determined previously. The flux was of the order of
1015 cm2ec71.
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FIGURE 3. Optical absorption coefficient derived from optica! (full
symbols) and photoconductance (open uyg'bols) data as a function of
photon energy for s film prepared at 110°C. The tin concentrations
are marked in the figure.

The photoconductivity (corrected for reflectance) is given by
opp = 9FnpY [1 - exp(- &d)})/d.

where q is the absolute value of the electronic charge, F is the photon
flux entering the sample, n is the quantum efficieney for phLotocarrier
generstion, u the photocarrier drift mobility, its lifetime, and d the
sample thickness. The normalized photoconductivity

O"Ph/q!'lw"t' = [1 - exp(-oad)]/d

a8 a function of photon energy i{s plotted in Fig. 4 for the same
samples as in Fig. 3. The values of ppt derived from the saturation
values of the photoconductivity are plotted in Fig. $ on a logarithmic
scale for two films prepared at 220°C (triangles) and 110°C (circles).
For comparison, the value for an a-Si:H sample prepared at 220°C is
also shown (square). We observe that the values of np~ for the
high-temperature film start at a relatively high value of 5x10°8 cm?/v
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at very low tin concentration and drop rapidly as the tin
ooncentration increases. From about 2 at.§ Sn on, nuvt is fairly
constant for this fllm. As for the low-tempersture samples, we had
difticuities preparing very low concentration Sn samples and thus
could not measure in the Sn range where the strong drop in npv
occurs. However, at higher concentrations this film shows a very
rapid rise as the tin concentrstion increases.

DISCUSSION

Both Williamson et al. [16] and Anderson et al. {19] report that
sputtered films prepared at higher argon pressures (~ 20 ~ 30 mTorr)
tend to oxidize fairly heavily. It was found by Williamson et al. that
in those samples the tin tended partially to crystsllize. The low
oxygen content of our samples thus seems to indicate that the films
under study were amorphous.

The decrease in the optical gap upon alloying with tin was
expected and actually the varistion found in Eg with Sn concentration
for the samples prepared at 220°C is not so different from that found
by Williamson et al. [16] on their sputtered films. However. the
much stronger variation of Eg with at.% Sn for samoies prepsred at
110°C shows that Eg is quite sensitive to the preparsiu.on tempersture
and. one would expect, also to the preparation technique used
(sputtering, glow discharge). Films prepared by the glow-discharge
method by Mahan et al. [17] exhibit s somewhat slower variation of the
optical gap with Sn concentration. This may be due both to the
different preparation technique and/or to the presence of C and Cl in
the filma, as pointed out by the authors.

;rm values of guT found here for the high-temperature samples
(see Fig. 5) are smaller than those observed {12,13) for Si,Ge; . :H
alloys and show a strong initial decrease with tin concentration. The

probable reason for thia is that alloying with tin introduces s large
density ol defect states. This is evidenced also by the broad optical
sbsorption edge (Fig. 4). The sharp incresse in the value of npT
with increasing tin concentration for the low-temperature samples
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A

emphasizes again the difference in the electronic properties due to
preparation temperature. It may be due to increasing effectiveness of
new recombination states whose cspture cross section for slectrons
must be quite small. Such beshaviour has been observea?? also on
phosphorus doped hydrogensted amorphous silicon.

Our high-temperature resuits are not so unlike those published by
L Mahan et al. [17] for glow-discharge prepired films, the only
published results on the photoconductivity of a-Sn,Si,_, :H that we
are awgre of. They find a sharp decresse of npT with tn
concentration for the first ~ 2 at.% of Sn and then a very gradual
increase with increasing Sn concentration. Mahan et al.gttribute this
behaviour to s transition from n-~type to p-type conduction. It is
poasible that this is the case with our films as well, however, ws have
no evidence for such n to p transition.

In summary we measured the optical properties and
photoconductivity of reac~tively sputtered n-SnxSil_x:H alloys. Both
the gap and the photoconductivity parameters of the films are fairly
sensitive to the preparation temperature. Our high-temperature
results are noi 8o unlixe those published by others. The
low-temperature results, however, are quite different and exhibit a
stronger drop in Eg and a very fast rise in lurf with increasing tin
concentration.
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Calibration of oxygen Auger signal from single-crystal ZnO surfaces

S. Z. Weisz and O. Resto

Department of Physics, University of Puerto Rico, Rio Piedras, Puerto Rico 00931

G. Yaron, A. Many, and Y. Goldstein

Racah Institute of Physics, Hebrew University, Jerusalem, 91904 Israel
{Received 29 September 1986; accepted 4 January 1987)

The Auger spectra of the polar and prism surfaces of single-crystal ZnO were measured. The
sensitivity factors derived from the differentiated spectra are 0.26 and 0.25 for a beam energy of 3
and 5 keV, respectively. These values agree fairly well with the theoretical calculations of

Mroczkowski and Lichtman.

I. INTRODUCTION

ZnO crystallizes in the hexagonal wurtzite structure with
alternating zinc and oxygen layers perpendicular to the hex-
agonal ¢ axis. A platelet cut perpendicularly to the ¢ axis
always ends up with one “zinc”” (0001) face and one “oxy-
gen” (0001) face, commonly called the polar surfaces. The
(1010) face, parallel to the c axis, is usually referred to as the
prism or checkered face, and contains an equal number of
zinc and oxygen atoms. '

We became interested in ZnO because of the large free-
electron densities that can be obtained on its surface.>”* Ac-
cumulation layers with an electron surface density of 1-
2 X 10" cm~? are readily attainable on ZnO surfaces, mak-
ing ZnO eminently suitable for the study of quantization
effects® in narrow surface channels,

During our investigations of the clean (0001) face (the
oxygen surface) we noticed that the ratio of the Auger sig-
nals due to oxygen and to zinc is too small. Using the sensi-
tivity factors from the Handbook of Auger Electron Spectros-
copy (the Handbook )7 we calculated less than 20% oxygen
on the oxygen surface. This prompted us to a more thorough
investigation of the relative concentrations of oxygen and
zinc on the polar and prism surfaces.

II. SAMPLE PREPARATION

Platelets of semiconducting ZnO single crystals grown by
the hydrothermal method were supplied by the Airtron Co.
The dimensions of the platelets were 10X 10X I mm”. Plate-
lets with both the hexagonal ¢ axis perpendicular to the large
surfaces (polar surfaces) and parallel to the large surfaces
(prism surfaces) were used. The samples were cut to typical
dimensions of 10 3 X 1 mm?, mechanically lapped to a flat-
ness of 1 um, cleaned, and etched in HC). After the etch the
samples were mounted in the vacuum chamber of a Physical
. Electronics model 560 scanning Auger microprobe where
the large surfaces were cleaned by repesated cycles of argon-
ion bombardment and annealing at 360 °C.

il. RESULTS

Several (at least six) Auger surveys were taken of each
surface and at each beam volitage to check the reproducibil-
ity of the results. The position along the surface was also
moved, to check uniformiiy. Both 3- and S-keV electron
beam energies were employed, with & 1-zA beam current,
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and analyzer energy resolution of better than 0.4%. We used
both the single-spot mode and the rastering mode, the latter
covering an area of 0.3 X 0.3 mm?.

The relative oxygen and zinc concentrations on each sur-
face were derived from the ratio of the peak-to-peak ampli-
tudes of the oxygen KLL (510 ¢V) line to the zinc LMM
(994 eV) line. This ratio, to be denoted by Oy, , /Zn, .,
was found to be reproducible within 1% for the 5-keV beam
energy, and within 2%-~3% for the 3-keV beam energy.
Typical d[N(E) ]/dE results of Auger surveys for the three
different ZnO surfaces, using a beam energy of 5 keV, are
shown in Fig. 1. As can be seen in the figure, the surfaces are
clean and the Auger surveys of the different faces are qualita-
tively very similar. The widths of the oxygen and zinc lines
are9eV forthe Oy, , and 6¢V for the Zn, ,,, line. There are,
however, some quantitative differences in the amplitudes of
the oxygen and zinc lines. Results obtained at 3 keV were
similar, except that the oxygen-to-zinc ratio was somewhat
larger. In Table I, column 3, we list the average values of the
ratio of the oxygen to zinc line strength O, , /Zn, ,,,, for the
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TasLE I. Effective oxygen surface concentration.

Oxygen concentration from

Beam

energy Mroczkowski Present
Surface (keV) Oprs /20y 000 Handbook and Lichtman results
Prism 3 1.5t 0.33 0.48 0.50
Zinc 3 1.51 0.33 0.48 0.50
Oxygen 3 175 0.37 051 0.54
Prism 5 1.26 0.39 Q.53 0.50
Zinc 5 1.15 0.37 0.51 0.48
Oxygen 5 1.37 0.41 0.55 0.52

different surfaces and the two beam energies. Several Auger
sensitivities for oxygen in ZnO were used for the calculation
of the effective oxygen surface concentration: the Hand-
book” values, values calculated by Mroczkowski and Licht-
man,® and values proposed by us based on the present re-
sults. These latter sensitivities were determined by imposing
the requirement that the prism surface contain an equal
number of oxygen and zinc atoms. The different sensitivity
factors for oxygen are listed in Table II. The sensitivities
used for zinc in all our calculations are as listed in the Hand-
book, 0.17 at 3 keV and 0.20 at 5 keV. These same values
were used also by Mroczkowski =nd Lichtman and, in fact,
served as their normalization points.

The different oxygen concentrations derived by using the
sensitivity factors in Table I1, are listed in columns 4, 5,and 6
in Table 1. It is apparent that the concentrations based on the
sensitivities of Mroczkowski and Lichtman are fairly close
to those obtained from the sensitivities proposed here, and
are both in the vicinity of 0.5. In contrast, the values derived
using the Handbook sensitivities are much lower. Moreover,
for the Handbook sensitivities we should have used the line
strengths of d{ EN(E) }/dE instead of d[ N(E) ] /dE, at least
we were so advised by Physical Electronics upon inquiry
{even though there seems to be some confusion about the
issue). Using d[EN(E)1/dE would further reduce the cal-
culated oxygen concentration, approximately by a factor of
0.5, yielding values below 0.2 in column 4 of Table 1.

V. DISCUSSION

The low values (below 0.2) for the oxygen surface concen-
trations derived by using the Handbook sensitivities are un-
acceptable for several reasons. First, if such a large deficit of
oxygen did exist on any of the ZnO surfaces it would have
long been detected' by low-energy electron diffraction.

TABLE II. Relative Auger sensitivities to oxygen.

Sensitivity to oxygen from
Beam
energy Mroczkowski Present
(keV) Handbook and Lichtman results
3 0.5) 0.28 0.26
S 0.40 0.22 0.2§

Moreover oxygen deficiency is known 2>*'2 1o enhance the
surface conductivity, but no such enhancement was ob-
served in the present measurements. On the contrary, an-
nealing in vacuum after sputter cleaning was always found to
restore the high surface resistance prior to sputtering.? Fin-
ally, we performed annealing experiments in the presence of
oxygen without any appreciable change in O, /Zn, .,

It seems to u: that the only explanation for a large oxygen
deficiency, if such deficiency exists, would be that the elec-
tron beam promotes oxygen desorption. However, this can-
not be reconciled with the fact that Auger surveys in the spot
mode (with a spot diameter of a few um) yielded the same
results as those employing the raster mode. In the latter case
an area larger by a factor of about 10* is scanned, thereby
reducing the average beam intensity by the same factor. In
addition, it is very difficult to see how electron-promoted
oxygen desorption would be equally effective on all three
crystallographic faces. In particular, one would expect that
electron desorption from the zinc face, where the oxygen
atoms are essentially protected by the outer layer of zinc
atoms, would proceed, if it occurred at all, much less effi-
ciently than from the oxygen face where the oxygen atoms
are located at the outer layer.

In view of the above arguments it appears that the sensitiv-
ity factors for oxygen given by the Handbook’ are inapplica-
ble to the case of ZnO. The approximate equality of the mea-
sured Oy, /Zn,,,, ratio for the different faces strongly
supports the assumption used above that the oxygen concen-
tration on the prism surface equals 0.5. The oxygen concen-
trations derived for the other surfaces by using this assump-
tion seem very reasonable and are in fairly good agreement
with those based on the theoretical sensitivity factors of
Mroczkowski and Lichtman. The sensitivities deduced from
our results differ by about 10% from those of Mroczkowski
and Lichtman and are essentially independent of electron
energy between 3 and 5 keV.

It is quite likely that the large discrepancy between our
sensitivity factors for oxygen and those of the Handbook’ is
due to the fact that the oxygen line in the Handbook was
measured on MgO, where it is, apparently, appreciably nar-
rower than the width of 9 eV, obtained by us on ZnO. The
latter width is real and well above the instrumental resolu-
tion (better than 2 ¢V for the oxygen line). Thus it seems
that, at least for oxygen, the peak-to-peak amplitude of the

Mr
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differentiated Auger spectrum is not a unique measure of the
concentration. Rather, N(E) (or the area under the differ-
entiated line) may be a better measure of the concentration.
We plan in the future to extend our studies to several other
oxides to check this point.

In conclusion, measurements on the polar and prism sur-
faces of ZnQ indicate that the sensitivity factors for oxygen
listed in the Handbook are inapplicable to ZnO. On the other
hand, the oxygen sensitivity factors derived on the basis of
the present results yield reasonable values for the oxygen
concentration, and are in fairly good agreement with the
theoretical calcalations of Mroczkowski and Lichtman.®
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INFRARED SPECTROSCOPY OF ta-Si.l Sn :H FILMS
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Abstract

Several hydrogenated amorphous Sil-xsnx alloy films of thicknesses
varying between four to eight thousand angstroms were prepared on impurity
free silicon substrates using reactive co-sputtering technique. The tin
concentration that varied among different samples from O to 10.7 %, was
determined using Auger depth profile. The oxygen contamination increased with
the tin concentration but it was found to be uniform all over the thickness of
the films. Samples were characterized using SIMS to detect the presence of
various molecular species. The infrared measurements showed vibrational bands
characteristics of Si-H, Sn-H, Si-0 and perhaps Sn-0. The presence of Sn is
found to facilitate the formation of more Si-H than SiH  bonds. Si-0 band
shifts to 1075 cm = from 1030 cm  as the Sn concentration is increased to
.1 2. Additionally there is a new peak at 1155 cm appearing in the mixed
samples with Sn concentration over 10 2.

1. INTRODUCTION

Hydrogenated binary alloys of Si with Ge, Sn, C, and N have gathered
considerable attention because of their use in the fabrication of devices such
as solar cell, photosensors and thin film transistors . Alloys containing
Sn are perhaps the least studied in this series. The optical band gap in
amorphous Si-Sn alloy decreases systematically with increase in Sn
concentration = and it becomes possible, at least in principle, to prepare
application oriented samples with desired energy gap. Since the vibrational
spectroscopy is known to play important role in the characterization of such
amorphous materials, we have carried out infrared measurements on a-Si_ Sn :H

l-x x
films prepared in our laboratory.




2. FILM PREPARATION

The a-Sil_xSnx:H films were prepared in a conventional reactive
sputtering unit on Si substrates with 50 W of RF (13.56 MHz) power and cathode
self-bias voltage of -900 V, in a gas mixture of argon at 12 mTorr and
hydrogen at 2 mTorr. The sputtering target consisted of a silicon disc of
about 15 cm in diameter and a couple of tin pieces (about 1 cm in diam.)
placed at one end of silicon disc. The substrate was heated to ahnuyt 2300C
during the deposition. The usual deposition time was about 10 hours. The
method produced a film of Si-Sn with a compositional variation along its
length. The Si-Sn film was about 5 cm long over the substrate, which was then
cut into five equal pieces to produce five Si  Sn :H samples with different
x. We also prepared a hydrogenated Sn film of—xabgut 400 Ao thickness under
the same conditions.

The characterization of the films was carried out using Auger electron
microprobe (AEM) and secondary ion mass spectroscopy (SIMS). We used depth
profiling to determine the uniformity of the composition of the film
throughout the sample thickness. 1In this method the sample surface is
peeled-off by controlled argon-ion sputtering while continuously monitoring
the Auger spectrum. Except for the surface layer of a few angstroms the
composition of the films was found to be quite uniform. The five Si-Sn
samples, namely A, B, C, D and E had varying concentrations of Sn, viz <0.1,
0.1, 0.6, 1.6 and 10.7 2 respectively. All films were found to contain
oxygen. The oxygen concentration was found to be higher for films containing
higher Sn concentration and it was uniform all over the film thickness. The
presence of oxygen, therefore, could nog be attributed to postdeposition
oxidation as suggested by Williamson et al . The oxygen contamination on the
surface layers, however, was found to be at least twice higher than the bulk.
Even in the sample "A" that had tin concentration of less than 0.1 Z, the
oxygen concentration was approximately 2.9 Z. Other samples, namely B, C, D
and E had the oxygen concentrations of 4.5, 5.5, 7.3 and 12.2 ¥ respectively.
The oxygen contents in a pure a~Sn:H film (sample "F") were found to be only
1.8 Z. However, pure a-Si:H film (sample "G") prepared under similar
conditions did not show any oxygen contamination. We, therefore, analysed our
tin targets by Auger Spectroscopy that revealed the presence of oxygen in them




to about 1.5 %Z. This should explain the source of oxygen contamination over
the thickness of the films.

The presence of molecular species in the films was characterized using
SIMS. The Sil_xSnx:H films with x less than 0.6 7 revealed traces of CH_ , SiH,
SiHZ' SiH3, Si0, SiOH, Si0Si, SiC0Si, SiHSi, SiSi, San. SiSn along with the
presence of Si, Sn, O and H elements and films with x > 1% contained traces of
Sn0 and SiOSn in addition to the above species, Similar analysis of a-Sn
sample and a tin target revealed the presence of SnQ species along with the
peak characteristic of Sn. All of the samples showed traces of Na, K, Al and
Li. This is due to the impurities present in the ordinary water that was used

to clean the substrates.

3. INFRARED MEASUREMENTS

In order to carry out infrared absorption studies we utilized a Nicolet
6000 Fourier transform infrared spectrometer (FTIR). The parameters were
chosen to give a resolution of 4 cm  1in the range of 4000 to 400 cm . The
absorption absorption spectra from five hydrogenated Si -~ Sn samples are shown
in Figure 1. In Figure 2, we have plotted infrared absorption spectra from
a-S1i and a-Sn films. These data have not been corrected for interference
fringing effect caused by difference in the index of refraction of the
amorphous film and the substrate. Moreover, the spectra have been displaced
along the absorption axis (y -axis) in order for clarity. Some of the spectra
show CO2 bands around 2361 and 2337 cm  due to poor subtraction of the
background spectra.

4. DISCUSSION

The a-Si:H film (Figure 2) showed absorption peaks at 2096, 2010 _(sh),
898, 845, 797 (weak) and 643 cm . The peaks at 2096 and 2010 cm  are
assigned to SiH_  and SiH stretc&ing modes respecti!fly. The Sin bending
modes agpear at 898 and 845 cm and the 643 cm mode is due to SiH2
wagging . In hydrogenated Si - Sn spectra (Figure 1.) we notice several
changes as the Sn concentration increases. There is a gradual decrease in the

intensity of SiH2 peak whereas the peak intensity due to SiH mode increases.
This is attributed to the formation of more SiH bonds instead of SiH2 bonds

with the increase in Sn concentration. In fact even with a Sn concentration




of 0.1 7% (s?mple "B") the SiH peak appears as intense af SiH_ peak. Moreover,
as expected there is a slight decrease (about 5 cm ) in the SiH2 peak
frequency due to the presence of Sn,

As the Sn concentration increases to 10.7 % (sample "E") in Si-Sn film,
the absorption edge moves well within the mid infrared range and it was not
possible to extract SiH peak from the strong absorption. In fact the strongest
peak characteristic of SiH_ wagging at 643 cm  also disappears or becomes
very weak in sample "E". There is, however, a new weak peak appearing around
1725 cm  that could be interpreted due to SnH vibrations. It may be worth
quoting that the stretch mode Erequencies for SiHa, GeH and SnH4 molecules
are at 2133, 2114 and 1901 cm respectivs%y and the cogresponding bending
mode frequencies are at 910, 819 and 677 cm respectively .

As mentioned earlier the oxygen concentration increases in the
hydrogenated Si-Sn films along with the increase in Sn concentration. This is
evident from the appearance of a new peak characteristic of Si-0 absorption in
the region of 1000 to 1100 cm  in comparison to a-Si:H spectrum. In sample
"A" the Si-O peak is at 1030 cm  that moves to about 1075 cm as the Sn
concentration is increased to 0.1 Z (sample "B"). Sample "B" has an oxygen
concentration of 4.5 Z. In sample "E" (Sn concentration 10.7 Z and oxygen
concentration 12,2 % ) this peak is considerably stronger as compared to
samples with the smaller Sn and O concentrations. Moreover, there is a new
peak around 1155 cm  in this sample (appearing as shoulder to the 1075 cm
peak), that is well beyond the Si-O range. In order to understand some of
these features we prepared an amorphous Sn:H film (about 400 AO thick) on Si
substrate. Its infrared absorption spectrum is shown in Figure 2. Although
thslspectrum is a bit noisy the two strong peaks centered around 1164 and 1080
cm can be easily identified. These peaks appear nearly at the same
positions as in the Si-Sn spectrum with tin concentration of 10.7 . Moreover,
the a-Sn:H spectrum contains a peak around 440 cm  that may be due to Sn-0
vibrations. Similarly the features around 1730 and 570 cm may be assigned
to SnH stretching and bending vibrations respectively.

Our non-hydrogenated Si-Sn films did not show any significant oxygen when
characterizing them by Auger electron spectroscopy and SIMS. This indicates
that while depositing the film by sputtering the presence of hydrogen




facilitates the formation of Si-O or Si-OH bonds. The oxygen presumably comes

from Sn-0 present in tin targets.
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FIGURE CAPTIONS

Figure 1. Infrared absorption spectra of a-Si_ Sn :H filma. The spectra have
been scale adjusted along the absorgzio: axis for clarity. Tin and
oxygen concentrations in each film are as follows: (A) <.1% Sn, 2.92
0; (B) .1% Sn, 4.5% 0; (C) .6% Sn, 5.5% 0; (D) 1.6% Sn, 7.3% 0; (E)
10.7% Sn, 12.2% O.

Figure 2. Infrared absorption spectra of (F) a-Sn:H and (G) a~Si:H films. The
" spectra have been scale adjusted along the absorption axis for

clarity.
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A simple mathematical analysis shows that unless the ratio of the instrumental resolution
width to the natural Auger linewidth is less than about 0.3, the measured line intensities do not
represent accurately the atomic concentrations. To overcome this difficulty, a universal curve
is presented whereby the experimentally measured line intensities can be corrected so as to
represent quite accurately the relative atomic concentrations in one’s sample. Unfortunately,
however, the available sensitivity data required for quantification were not always measured
with sufficient instrumental resolution. It is our contention that there is a need for new
sensitivity measurements in which the required resolution is ensured.
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For a quantitative determination of atomic¢ concentra-
tions by Auger electron spectroscopy (AES), one usually
measures'” the peak-1o-peak amplitudes of the Auger signal
derivatives d.\V(E)/dE, to be referred to as the “derivative
amplitudes™ A(dN /dE). where N( E) is the energy distribu-
tion of the Auger electron intensity The derivative is mea-
sured by the analyzer modultation technique or by computer
differentiation of the measured V(£ curve. The effect of the
modulation amplitude on the denivative spectrum has been
eatensively studied. primarily by Seah and co-workers.” ™
These workers showed that as long as the ratio of the peak-
to-peak  modulation amplitude to the measured Auger
limewidth is less than about 0.7, the measured signal repre-
seitts accurately the dernivative. As to computer differenti-
ation.” Seah ¢1 af.* showed that it is equivalent in this respect
to amphitude modulation, with the energy excursion used for
computing the derivative replacing the peak-to-peak modu-
lation amplitude (apart from a factor close to unity).
Even if the derivative amplitudes were determined pre-
cisely, whether by modulation or by computer differenti-
ation, the remaining important question in quantification is
how accurately the derivative amplitudes represent the rela-
tive atomic concentrations in a given sample. The analyzer
resolution is a very important factor in this respect, and in
the present letter we examine its effect on the derivative am-
plitude. It is shown both theoretically and experiinentally
that only if the ratios of the instrumental resolution width to
the natural width for all the elements under study are smaller
than about 0.3, are the magnitudes of the corresponding de-
rivative amplitudes truly representative of the atomic con-
centrations. In order to derive quantitatively the actual con-
centration one needs, in addition, reliable Auger sensitivities
of the elements involved. The best procedure is to measure
the sensitivities in situ. Usually, however, one relies on pre-
determined sensitivities. Several compilations of such sensi-
tivities have been published.’'* Unfortunately, most of the
sensitivity measurements were taken with the commonly
available energy resolution of about 0.5% of the Auger ener-
gy, corresponding, for example, to 5 eV at an energy of 1000
eV. Since the natural width of many elements ranges
between 1.5 and 4 €V, it is unavoidable that the above-men-
tioned requirement that the width ratio be smaller than 0.3
may not be always satisfied. For example, as will be shown
below, there is reason to believe that at least some of the
measurements in the Handbook of AES by Davis et al.,’
perhaps the most commonly used compilation, were per-
formed with inadequate resolution. We therefore believe
that a revision of the sensitivity data is advisable. We show
here that once high-resolution sensitivity data become avail-
able, the user would be able to derive atomic concentrations
accurately, even if his own instrumental resolution is quite
poor: a procedure is described whereby the experimentally
measured derivative amplitudes can be corrected so as to
yield the correct atomic concentrations.

It should be noted that the effect on the derivative am-
plitude of modulation amplitude discussed by Seah and co-
workers®’ and of analyzer resolution considered here are
two totally different issues. The former deals with the accu-
racy with which the derivative amplitudes are measured,
whereas the latter is concerned with how close the derivative
amplitudes, even if determined accurately, represent the

. atomic concentrations in the sample. Other instrumental
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factors affecting the accuracy of the derivative amplitudes,
such as reproducibility'* and the variation of the electron
multiplier efficiency with electron encrgy,® have been dis-
qussed in the literature. and will not be considered here.

In the foliowing analysis we evaluate the derivative am-
plitudes assuming Gaussian line shapes for both the Auger
hines and the analyzer's resolution functions. This s a realis-

tic representation since both shapes are usually not fur oft

from Gaussian. Abso. the results of the analvas are not ex-
pected to depend critically on the precise line shapes used.
With these assumpuons. the Auger electron distribuuon
N (E) inthe vicinity of the ith energy peak £ is proportion-
al to

PA —E‘I): — (¢ = 2
:\’,(E):xJ‘exp(— ( Py )exp( (20: £) )dﬂ,

(1)

where o, is the peak’s natural width and o, is the width of the
resolution function: the integration is to be performed in the
neighborhood of the ith peak. The derivative is obtained by
differentiating the integrand with respect to E:
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The second term in the large brackets of Eq. (2) originates
from the energy dependence of o, (usually g, « E). Actual-
ly. however, this term is very small compared to unity and
can safely be neglected: in most analyzers do,/dE is less than
0.005. while |(# — E)/20,| is of the order of unity or less
throughout the effective range of integration. Thus, by mea-
suring the energies in units of the resolution width
and shifting the origin to E,, ie, by substituting x
= (¥ —E))/o,and y = (E — E,)/0,, we obtain

aN (B j g(""””')dx, (4)
dE g,
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In this form, the integral becomes a universal function of y,
depending only on the parameter o0,/0;. Actually, because
we are dealing with derivatives, more suitable parameters
than o, and o, would be the energy separation for each
Gaussian between the positive and negative derivative peaks,
to be referred to as the resolution width W, and the natural
width W, respectively. Obviously W, = 20, and W, = 20,.

The solid curve in Fig. 1 is a universal plot of the deriva-
tive amplitude A(dN /dE) against the ratio W, /W, as cal-
culated by integration of Eq. (4). We note that starting at
the onigin. A(d.V /dE) increases with increasing resolution
width. attains a maximum at ¥, /W = 1, and then de-
creases. This behavior is a result of two competing processes:
NCE) increases with inereasing resolution width but at the
same nime the measured line also widens and eventually the
derivative decreases. The behavior depicted in Fig. | has far
reaching consequences concerning the use of Auger mea-
surements for quantitative analyses. The derivative ampli-
tude is a direct measure of the atomic concentration only in
the linear range of the curve (W, /W, <0.3). The relative
magnitudes of the derivative amplitudes of the different Au-
ger lines are then independent of the analyzer resolution and
truly represent the relative atomic concentrations in the
sample under study. Only in this linear range is the proce-
dure, sometimes adopted, of dividing each derivative ampli-
tude by W, or, equivalently, by E meaningful. For larger
W,/ W,, the 1/E normalization, undertaken in an attempt to
compensate for the increasing resolution width with E, is less
adequate and becomes outright meaningless for W, /W, > 1.

There is, however, a simple procedure to correct the
measured derivative amplitudes for W, /W, > 0.3 so as to
make the results meaningful. One derives from the universal
curve of Fig. 1 the values one would have measured were the
analyzer resolution sufficiently good. To do that, one multi-
plies the measured derivative amplitude for each element
(each W, /W) by a correction factor, given by the ratio of
the value read off the extrapolated linear section of the curve
(dashed line in Fig. 1) to that of the actual value on the curve
at that abscissa.

To illustrate the above considerations we present in Fig.
2 measured AES results for MgO, taken at different instru-
mental resolutions. The derivative spectra were obtained by
five-point computer differentiation® of the measured N( %)
spectra, with a + ] eV overall excursion. The “differenti-
ation potential” }rzs thus 2 eV, which is less than 0.7 of the
measured widths of all lines in Fig. 2. Hence this procedure
yields accurate values for the derivative spectra.’ The resolu-
tion widths W, at the oxygen and magnesium peak energies
are marked on the figures. The natural oxygen and magne-
sium widths, 2.9 and 3.3 eV, respectively, were derived from
the data of Fig. 2(a) (measured with the higher resolution)
using the calculated values of the integral in Eq. (2). We
thus conclude that the width ratios W, /W, for oxygen and
magnesium are 0.31 and 0.67, respectively. We see that the
valueof W, /W, for Mgis appreciably larger than0.3, so that
even for our better resolved data (W, /E of only 0.2% !) a
significant correction to the measured. Mg derivative ampli-
tude shonld ha annlisd The correction factor, as evaluated
from Fig. 1, is 1.45. To be precise, a si..1ll correction of 1.09
should be applied also to the oxygen line. Hence the mea-
sured ratio of the two derivative amplitudes, 1.9, should be
multiplied by 1.09/1.45 to yield the corrected ratio of 1.4.

»
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The resolution widths in Fig. 2(b) were purposely made
larger. as indicated in the figure. Whereas the W, /W, value
for oxygen is still reasonable, that for magnesium (1.8) be-
comes very much larger than 0.3, This is exhibited by the
dramatic decrease of the magnesium derivatuve amplitude
and the increase of the measured oxygen to magnesium am-
plitude ratos: trom 1.9 i1 Fig. 2(a) 10 5.0 m Fig. 2(b). I
order to demonstrate the usetulness of Frg. 1 owe shall also
derive 1he corrected dernvative amphtude ratio from the
poorerresolved (M /£ = 0.3 dataof Fiz. 2(h). Using the
correction procedure outlined above, we find 1or the correct-

ed ratic ot oxygen 10 magnesium derivative umphtudes the .

value of 1.3, This differs by no more thun 109 trom the
value derived from the better resolved data of Fig. 2(a). It
should be noted that if no correction were applied. the data
in Fig. 2(b), for example. would have led to an error of a
factor of over 2 in the oxygen to magnesium concentration
ratio. Obviously. much larger errors would be incurred for
less resolved data and/or higher energy Auger lines.

We have also evaluated the oxygen to magnesium deriv-
ative amplitude ratio from the MgO Auger spectrum ap-
pearing in the Handbook of AES.” The value obtained is 3.2,
very close to the result of our less resolved data (3.1), in
which W, /W, appreciably exceeds the value of 0.3 for both
elements. This shows that at least some of the sensitivity data
in this Handbook were measured with insufficient resolu-
ticn.

In conclusion. we maintain that the available sensitivity
data should be revised in the light of the requirement
W /W, <0.3. Farticular attention should be given to the
high-energy Auger lines, for which the resolution is neces-
sarily less good. For such lines. W, /W, could easily exceed
the value of 0.3, possibly by quite a large margin. The natural
linewidths W, of all the elements should also be incjuded in
the revised sensitivity compilation, so as to enable the user to
check his own resolution against these values. The user
would then be able to carry out a quantitative analysis even if
his own instrumental resolution is rather poor (W, /W,
>1): by the aid of a universal curve presented here, the
measured derivative amplitudes can be corrected so as to
truly represent the atomic concentrations in the sample.

This work was supported in part by U.S. Army Re-
search Office grant No. DAAG29-84-G-0059 and in part by
a National Science Foundation EPSCOR grant RII
8610677.
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FIG. 2. Two Auger d.¥(E)/dE spectra of MgO taken at a primary beam
energy of 3 keV. The spectrum in (a) was measured with our best instru-
mental resolution. that in (b) with purposely degraded resolunon. The re-
solution widths W, for the oxygen ( ~$00 eV) and magnesium ( ~ 1170
eV) lines, as well as the main peak energies. are marked on the figure.
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THE OXYGEN AUGER LINE IN ZnO AND MgO

S.Z. Weisz and O. Resto
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and

Y. Goldstein, G. Yaron, and A. Many
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ABSTRACT

High resolution measurements reveal a double peak structure in the oxygen KLL line in ZnO
which is absent in MgO. The structure is attributed to local humps in the valence-band
density-of-states function of ZnO. The results also illustrate the need for high-resolution
measurements of sensitivity factors, if these factors are to be used for quantitative determination of
atomic concentrations.




INTRODUCTION

In a recent paper! we have reported on measurements of Auger Electron Spectroscopy
(AES) on different faces of single crystal ZnO. From these measurements we have derived the
relative Auger sensitivity factor for oxygen in ZnO. This value was in good agreement with the
theoretical calculations of Mrockowski and Lichtman,? but differed quite appreciably from the
oxygen sensitivity cited in the Handbook of AES.? The difference was attributed to the unusually
large oxygen linewidth (about 9V), as contrasted, for example, with the much narrower oxygen line
in MgQ 3 ‘

In this paper we report on careful measurements of the oxygen Auger lines in ZnO and MgO.
The measurements were performed at 3 and § keV primary-beam energies with different
instrumental resolutions. At sufficiently high resolution, we find that the main oxygen line in ZnO
exhibits closely spaced double peaks. At somewhat lower resolutions, the double peaks gradually

merge and the oxygen line appears to widen. The measured spectra for MgO, taken with the same

' resolutions, failed to disclose the oxygen double peaks observed on ZnO. Here too the line widens
with decreasing resolution, but much less so than in ZnO.

RESULTS

The measurements were carried out on single-crystal ZnO and MgO samples. They were
mounted in the vacuum chamber of a Physical Electronics model 560 scanning Auger microprobe,
where the surfaces were cleaned by repeated cycles of argon-ion bombardment.

Figure 1 displays Auger AN(E)/dE surveys of a ZnO surface at two different analyzer
resolutions. The measurements were performed on the "prism” face! with a primary electron
beam-energy E;, of 3 keV. The surface is seen to be clean, exhibiting only the oxygen and zinc

lines at about 500 and 1000 2V, respectively, except for a weak argon line at ~21S eV originating
from the argon sputter cleaning. The Auger surveys were normalized by dividing the "as
measured” data by the energy E. Such normalization is often applied in order to compensate for the
increasing analyzer resolution linewid+h with increasing energy. In Fig. la, corresponding to the
higher instrumental resolution, the ratio of the oxygen to zinc line intensities (1.5) agrees well with
that measured previously.! Unfortunately, however, this is not very meaningful, because of the
presence of a double peak in the oxygen line (see also Fig. 2 below). The ratio of the oxygen to
zinc line intensities is then resolution dependent, as illustrated by the Auger derivative spectrum in
Fig. Ib, taken at a somewhat lower resolution, where the ratio has increased to about 2.

We shall define the resolution linewidth W, as the energy separation between the positive and




negative derivative peaks of the analyzer's resolution function. This linewidth can be determined
very simply by differrentiating the signal originating from the elastically scattered electron beam.
One uses a sufficiently high primary-beam energy, say 2000 eV, for which the energy spread
associated with the cathode emission of the electron gun is negligible compared to W, at that

energy. Since W, is directly proportional to energy, the resolution linewidth can readily be scaled

down to the oxygen and zinc Auger energies of about 500 and 1000 eV, respectively. The values
of W, so obtained are marked on Fig. L.

Figure 2 displays three blown-up plots, at different analyzer resolutions, of the Auger
derivatives of the oxygen line in ZnO. The measurements were taken on the prism face with a

primary-beam energy E,, of 5 keV. For clarity of presentation the curves were shifted with respect
to each other along the vertical axis. The values of W, are marked on the figure next to each curve.

The bottom plot [curve (a)], taken with the highest resolution, shows clearly that the positive and
negative derivatives of the main oxygen line consist each of closely spaced double peaks. The

* energy separations of the positive and negative double peaks are 2.4 and 4.6 eV, respectively.
Moving on to curves (b) and (c), taken with progressively lower resolutions, we see that the double
peaks become less pronounced until in ciirve (c) only traces of the double peak can be seen (at the
negative derivative).

The situation is quite different for the oxygen line of MgO, shown in Fig. 3. Here, as well,
three blown-up plots are displayed of the Auger derivatives of the oxygen line, taken at E, = 5 keV
and with the same resolutions as those used for the data of Fig. 2. It is seen that even with the
highest resolution [curve (a)], the oxygen line in MgO is not split into double peaks. As the
resclution of the analyzer decreases {curves (b) and (c)], the oxygen line widens, as expected.

In order to check whether the presence of the double peaks in the ZnO oxygen line is
characteristic of the prism face, we have carried out measurements on the (0001) "zinc" and the
(000T) "oxygen" faces of ZnO. We invariably observed the double peaks, just as for the prism face
( Fig. 2). That the double peaks are not due to surface effects was evidenced by measurements on
freshly ion-bombarded surfaces, on annealed surfaces, and on surfaces exposed to oxygen after the
sputter cleaning. In all these cases the double peaks were observed to remain essentially
unchanged.

It should be pointed out that the ZnO double peaks, pronounced as they may appear in the
derivative dN(E)/dE curves (Fig. 2), show up merely as small wriggles in the N(E) curve. This is
seen in Fig. 4, where the N(E) curves, from which the derivatives of Fig. 2 were obtained, are
displayed. The small wriggles occur at 506.4 ¢V and, less pronouncedly, at 501.4 eV.




DISCUSSION

The two energy bands involved in the Auger emission process in both ZnO and MgO are the
respective valence bands and the much deeper (by about 500 eV) K band of oxygen. The latter is
expected to be narrow, so that the Auger emission processes in the two crystals should reflect
essentially the valence-band structures. Whereas, judging from the shapes of the Auger oxygen
lines, the density-of-states function of the MgO valence band seems to be rather smooth, that of
ZnO appears to have local humps on both sides of the maximum density (see the wriggles in the
N(E) curve of Fig. 4).

The occurence of closely-spaced peaks in the Auger derivative spectrum of the oxygen line in
ZnO also illustrates the need for high-resolution measurements of sensitivity factors for quantitative
determination of atomic concentrations based on these factors. As will be shown elsewhere# this
requirement of high resolution is essential even in the absence of double peaks. Otherwise, the
relative peak-to-peak derivative amplitudes depend in a rather complicated manner on the resolution
linewidth and do not, therefore, represent the sensitivity factors to any reasonable degree of
accuracy.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS

Two Auger dN(E)/dE surveys of the prism face of a ZnO single crystal sample,
taken with a 3 keV primary beam energy and with different instrumental

resolutions. The resolution linewidths W, for the oxygen (~ 500 eV) and the
zinc(~ 1000 eV) lines are marked on the figure.

Three blown-up Auger derivative spectra of the oxygen KLL line in ZnO exhibiting
double peaks, and their disappearance with increasing resolution linewidth,
measured on the prism face at a primary beam energy of S keV. The resolution
linewidths W, for the different curves are marked on the figure. For the sake of

clarity, the curves are shifted vertically with respect to each other.

Derivative spectra of the oxygen KLL line in MgO measured under identical
conditions as for the data in Fig. 2.

Three Auger ¢lectron-density N(E) spectra of the oxygen KLL line in ZnO, from
which the curves in Fig. 2 were derived. The energies of the wriggles, at 506.4
and at 501.4 eV (as well as the peak energies), are marked on curve (a).
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QUANTITATIVE DETERMINATION OF ATOMIC CONCENTRATIONS

BY AUGER ELECTRON SPECTROSCOPY
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Racah Institute of Physics, The Hebrew University
Jerusalem 91904, Israel
and
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ABSTRACT

A simple mathematical analysis presented here shows that
unless the ratio of the instrumental resolution width to the
natural linewidth of each Auger line is less than about 0.3,
the measured peak-to-peak amplitudes of the differentiated
Auger signals do not represent accurately the atomic
concentrations. At the same time, the analysis provides the
means for overcoming this difficulty even when the linewidth
ratio is considerably larger than 0.3. A universal relation is
presented whereby the experimentally measured peak-to-peak
amplitudes can be corrected so as to enable one to derive quite
accurately the relative atomic concentrations in one’'s samples.
So much so, provided reliable Auger sensitivities of the
elements are available. Unfortunately, however, most of the
sensitivity data, especially for the high energy Auger lines,

were measured with insufficient resolution. In fact, we show




that at least in some cases the published data were measured

with a resolution far from satisfactory. It is our contention,
therefore, that there is a need for a revision of the
sensitivity data with the required resolution if they are to be

used for quantification.




INTRODUCTION

It is becoming more and more of a practice to use Auger
Electron Spectroscopy (AES) for a quantitative determination of
the concentrations of the different atomic species comprising a
solid. 1In this method one usually measuresl'2 the peak-to-peak
amplitudes of the Auger-signal derivatives dN(E)/dE
corresponding to the different elements, where N(E) is the
enargy distribution of the Auger electron intensity. These
amplitudes will be referred to for short as the "derivative
amplitudes" and will be denoted by A(dN/dE). In order to
derive the atomic concentrationé from the measured derivative
amplitudes, one usually employs pre-determined Auger
sensitivities.3~8

The Auger derivative dN(E)/dE is measured by the analyzer
modulation technique7'8 or by computer differentiation? of the
measured N(E) curve. The effect of the modulation amplitude on
the derivative spectrum has been extensively studied, primarily
by Seah and c:o-worker's.-l'a'lo"12 These workers showed that as
iong as the ratio of the peak-to-peak modulation amplitude to
the measured Auger linewidth is less than about 0.7, the
measured signal represents accurately the derivative. As to
computer differentiation.g Seah, Anthony and Denchl? showed
that it is equivalent in this respect to amplitude modulation,
with the energy excursion used for computing the derivative
replacing the peak-to-peak modulation amplitude (apart from a
factor close to unity).

Even if the derivative amplitudes were determined

precisely, whether by modulation or by computer




differentiation, the remaining important question in
quantification is how accurately do the derivative amplitudes
represent the relative atomic concentrations in a given sample.
The analyzer resolution is a very important factor in this
respect, and in this paper we examine its effect on the
derivative amplitude. It is shown both analytically and
experimentally that only if the ratios of the instrumental
resolution width to the natural width for all the elements
under study are smaller +han about 0.3, are the magnitudes of
the corresponding derivative amplitudes truly representative of
the atomic concentrations. Otherwise, the derivative
amplitudes depend on the resolution width in a rather
complicated manner and are consequently largely meaningless.

In order to derive quantitatively the actual concentration
one needs, in addition, reliable Auger sensitivities of the
elements involved. The best procedure is to rieasure the
sensitivities in situ. Usually, however, one relies on pre-
determined sensitivities. Several compilations of such
sensitivities have been published.:"'8 Unfortunately, however,
most Of the sensitivity measurements were taken with the
commonly available energy resolution of about 0.5% of the Auger
energy, corresponding, for example, to 5 eV at an energy of
1000 eV. Since the natural width of many elements range
between 1.5 to 4 eV, it is unavoidable that the above-mentioned
requirement that the width ratio be smaller than 0.3 may not be
always satisfied. For example, as will be shown below, there
is reason to believe that at least some of the measurements in

the Handbook of AES by Davis et al;.3 perhaps the most commonly

B I



used compilation, were performed with inadequate resolution.

We therefore believe that a revision of the sensitivity data is
advisable. Also, it would be most useful to include in the
revised Handbook the natural linewidths of the elements. The
user could then check his own experimental resolution against
these linewidths. However, even if the user does not have the
required resolution, he would still be able to derive atomic
concentrations quite accurately on the basis of the revised
sensitivity data. A procedure is described below whereby the
experimentally measured derivative amplitudes can be corrected
so as to yield the correct relative atomic concentrations.

It should be noted that *he effect on the derivative
amplitude of modulation amplitude discussed by Seah and co-

workers!+8,10-12

and of analyzer resolution considered here are
two totally different issues. The former deals with the
accuracy with which the derivative amplitudes are measured,
whereas the latter is concerned with how close do the
derivative amplitudes, even if determined accurately, represent
the atomic concentrations in the sample. Other instrumental
factors affecting the accuracy of the derivative amplitudes,

13 and the variation of the electron

such as reproducibility
multiplier efficiency with electron energy,7 have been

discussed in the literature, and will not be considered here.

ANALYSIS
For the calculation of the derivative amplitude of a given
element (i-th line), we assume Gaussian line shapes for both

the Auger line and the analyzer’'s resolution function. This is




certainly a realistic representation for the resolution

function. As to the Auger line, the Gaussianr representation is
a reasonable approximation for well resolved single peaks.
Moreover, the results of the analysis are not expected to
depend critically on the precise line shapes taken. If there
are closely spaced, overlapping peaks, the analysis is more
complicated and will not bte considered here.

With the above assumptions, the measured Auger-electron
distribution Ni(E) in the vicinity of the i-i{h peak is

proportional to
—(E=- 2 2 —fE-EY2 2
Ni(E) a Xi exp{-(E Ei) /20i Jexp[-(E~E) /20r 1dg, (1)

where Xi is the atomic concentration corresponding to the i-~th

Auger peak, E. is the peak% energy, o; is its natural

i i

linewidth, o, is the linewidth of the resolution function, and
€ is the integration variable; the integration is to be
performed in the neighborhood of the i-th peak. The derivative

is obtained by differentiating the integrand with respect to E:
dNi(E)/dE a Xi/{{1+[(E—E)/or](dor/dE))f(E,Ei,oi,or,E)dE, (2)
where

f(E,Ei,ai,or,E)=[(E-E)/or2]exp[-(E—Ei)2/20iz}exp[-—(E-E)z/Zorz].

(3)
The second term in the curly brackets of eq. (2) originates

from the energy dependence of o_ (usually o, e E). Actually,

r r

however, this term is very small compared to unity: in most

analyzers dor/dE is less *han 0.005, while g(E—E)/or] is of the




order of unity or less throughout the effective range of

integration. (When |(E-Ej/o,j exceeds "1.5, the functicn ¢
contributes very little to the integral.) We shall accordingly
neglect the second term in the curly brackets of eq. (2). This

corresponds to treating o_ as effectively constant in the

r
vicinity of each Auger peak, and introduces an error of less
than one percent for most Auger lines. By measuring the
energies in units of the resolution width and shifting the

origin to Ei’ i.e., by substituting x-(E-Ei)/or and y=(E-

Ei)/or’ we obtain

le(E)/dE a Xi/Q(X,y,Orloi)dx, (4)

where

9(x,y,0,./0;)=(x-y)exp[-x2/2(a;/0, )% ]exp~(x-y)%/2].  (§)

In this form, the integral becomes a universal function of vy,
depending only on the parameter °r/°i‘ Actually, because we

are dealing with derivatives, more suitable parameters than o,

and 9 would be the energy separations for each Gaussian

between the positive and negative derivative peaks. It is
these latter that will henceforth be referred to as the

resolution width Wr and the Auger natural width wi.

respectively. Obviously for the Gaussian functions assumed wr

= 20 _ and Wi = 20

r In terms of these widths, integration of

i.

eq. (4) yields

dN;/dE @ -JTAX, (W /W, )21+ (W_ /W;)2]173/2y exp(-y2/2[1+(W;/W )2]}




(6)

where wr refers to the resolution width at the i-th Auger peak.
By differentiating eq.(6) we find that the maximum and
minimum of the derivative occur at y = :[1+(wi/wr)231’2. Thus

the measured derivative width wm is given by the relation
wm2 = wrz + wi2 . (7)

The derivative amplitude A(dNi/dE), which is equal to the
difference between the maximum and minimum of dNi(E)/dE, is

proportional to
ZX[dNi(E)/dE] a Jﬁﬁexp(-%)xi(wr/wi)/[1+(/wr/wi)2) . (8)

The universal relation in eq. (8) shows that the
derivative amplitude A(dN/dE) rises linearly with increasing
resolution width for wr/wiso.a, attains a maximum at wr/wi-l
and then decreases. This behavior is a result of two competing
processes: N(E) increases with increasing resolution width but
at the same time the measured line also widens and the
derivative eventually decreases. Equation (8) has far-reaching
consequences concerning the use of Auger measurements for
quantitative analyses. The derivative amplitude is a direct
measure of the atomic concentration Xi only in the linear
range, assuming, of course, that the pre-determined
sensitivities used in the quantification have also been

measured with wr/wi<o.3. The wr dependence of A(dN/dE) is the




reason for the procedure, sometimes adopted, of dividing each
derivative amplitude by wr or, equivalently, by E. Such a
procedure is meaningful only for Wr/Wi<0.3. For larger wr/wi,
the 1/E normalization is less adequate and becomes outright
meaningless for wr/wi>1.

There is, however a simple procedure to correct the
measured derivative amplitudes for wr/wi>o.3 sOo as to make the
results meaningful. One derives from eq.(8) the values one
would have measured were the analyzer resolution sufficiently
good (wr/wi<o.3). To do that, one multiplies the measured
derivative amplitude for each line (each w,/wi) by a correction
factor, given by [1+(wr/wi)2]. Such a procedure extends, in
effect, the linear range of eq.(8) to Wr/Wi>0.3. For

* wr/wi<o.3. the correction factor is close to unity, as it
should, while for larger Wr/Wi it increases fairly rapidly,
reaching, for example, a value of 10 at wr/wi'3' It is the
corrected derivative amplitudes that are truly representative
of the atomic concentrations throughout the range of wr/wi.

The existing atomic sensitivity da't:a?"6 are lacking in two
important aspects. First, the natural widths wi for the
different elements are not specified. Secondly, as pointed out
above, most of the data were measured with a resolution of
about 0.5%. Hence, the ratios wr/wi may very well exceed in
many cases the value of 0.3, possibly by quite a large margin.
The sensitivities listed in the various handbooks are thus
suspect, to say the least. This is particularly the case for
the high energy lines, for which the analyzer resolution is

necessarily less good.
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These considcrations point to the need for compiling a
revised sensitivity Handbook. On the basis of the revised
data, the user would be able to derive atomic concentrations
quite accurately, even if his own instrumental resolution is
rather poor (wr/wi larger than 0.3 by as much as an order of
magnitude). First, however the user should determine his own
analyzer resolution width wr. This can be done very simply by
differentiating the signal originating from the elastically
scattered electron beam. One uses a sufficiently high primary-
beam energy, say 2000 eV, for which the energy spread
associated with the cathode emission of the electron gun is
negligible compared to wr at that energy. Since wr is
proportional to energy, its value at any Auger line can readily
be evaluated. Using the natural widths Wi of the Auger lines
of the different atoms in the sample under study, as obtained
from the revised Handbook, one calculates the linewidth ratio
wr/wi and corrects the measured derivative amplitudes with the
aid of eq.(8). These corrected derivative amplitudes, in
conjunction with the sensitivity data in the revised Handbook,
should yield rather accurately the relative atomic

concentrations in the sample.

RESULTS

In order to illustrate the above considerations, we
present some Auger derivative spectra obtained with different
instrumental resolutions. The measurements were carried out on

single-~crystal MgO samples. The samples were mounted in the

vacuum chamber of a Physical Electronics model 560 scanning

~
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Auger microprobe, where the surfaces were cleaned by repeated
cycles of argon-ion bombardment. The resolution was varied by
changing the analyzer apertures. The resolution widths wr were
determined in each case by differentiating the signals
originating from the elastically scattered electrons at a
primary beam energy of 2000 eV, as discussed above. The
derivative spectra were obtained by 5-point computer

differentiation9

of the measured N(E) spectra, with a *1 eV
overall excursion. The *"differentiation potential"12 is thus
2 eV, which is less than 0.7 of the measured widths of all the
Auger lines to be displayed. Hence this procedure yields
accurate values for the derivative spectra.12

In Figs. 1-3 AES derivative spectra of Mg0O, measured with
three different instrumental resolutions, are displayed. The
values of the resolution widths at the oxygen and magnesium
lines, as well as the peak energies, are marked on the figures.
The data were ta':en with a primary beam energy of 3_keV. For
the data in Fig. 1, taken with our highest resolution, the wr
values at the oxygen and magnesium peak energies are 0.9 and
2.2 eV, respectively. The measured oxygen and magnesium widths
Wm are 3.0 and 4.0 eV, respectively. Using eq.(7), we conclude
that the natural widths of the oxygen and magnesium lines are
wi(O)-Z.Q eV and wi(Mg)-3.3 eV. We see, then, that wr/wi for
Mg, 0.67, is appreciably larger than 0.3, so that even for our
best resolved data (Wr/E only 0.2% !) a significant correction
should be applied to the measured Mg derivative amplitude. The

correction factor, as evaluated from eq.(8) is 1.45. To be

precise, a small correction of 1.1 should be applied also to
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the oxygen line (wr/wi=o.31). Hence, the measured ratio of
the two derivative amplitudes, 1.9, should be multiplied by
1.171.45 to yield the corrected ratio of 1.4,

The resolution widths in Figs. 2 and 3 were purposely made
progressively larger, as marked in the figures. Whereas the
resolution widths for oxygen are still smaller than wi(O),
those for magnesium become larger than Wi(Mg). This is
exhibited by the dramatic decrease of the magnesium derivative
amplitude and the increase of the measured oxygen to magnesium
amplitude ratios: from 1.9 in Fig. 1, to 2.3 in Fig. 2, and to
3.1 in Fig. 3. In order to demonstrate the usefulness of
eq.(8) we shall also derive the corrected derivative-amplitude
ratio from the less resolved data of Figs. 2 and 3 (wr/E =
0.32% and 0.5%, respectively, better than or comparable to the
resolution commonly used). With the natural widths determined
from Fig. 1, and using the ccrrection procedure outlined above,
we find for the corrected ratio of oxygen to magnesium
derivative amplitudes the value of 1.3 for the data in both
Figs. 2 and 3. This differs by no more than 10% from the value
of 1.4 derived from the best resolved data of Fig. 1. It
should be notcsd that if nc correction were applied, the error
in deriving the oxygen to magnesium concentration ratio would
have been quite appreciable, amounting, for example, ¢to a
factor of over two for the data in Fig. 3.

We have also evaluated the oxygen to magnesium derivative-
amplitude ratio from the MgO Auger spectrum appearing in the

Davis et al.’'s Handbook of AES.3 The value obtained is 3.2,

very close to the result of 3.1 obtained from our poorest
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resolved data, in which wr/wi appreciably egceeds the value of
0.3 for both elements. Furthermore, if we apply the Handbook
sensitivities for oxygen (0.5) and magnesium (0.1) to our
oxygen to magnesium derivative-amplitude ratio (1.4), we come
up with oxygen and magnesium concentrations of 22% and 78%,
respectively, instead of the expected value of 50% for each

element.

CONCLULSION

The presently available sensitivity data are inadequate
because the resolution used in measuring most of them (wr/E =
0.5%) was insufficient . This was demonstrated for the case of
the MgO spectrum in the Davis et al.'s Handbook of AES.3 We
therefore feel that there is a need for a revised Handbook
which would present Auger spectra and sensitivity data based on
measurements in which the condition wr/wi<o.3 is ensured. The
revised Handbook should also include the natural linewidths W,
of all the elements.

With the availabiiity of the revised Handbook, the user
would be able to determine fairly accurately the relative
atomic concentrations in his sample, even if his own
instrumental resolution 1s rather poor (wr/wi>1). A simple
experimental procedure has been suggested for measuring the
resolution width, so that the ratios W,_/Wi can be determined
for all the Auger lines under study. By the aid of a uriversal
relation, the user can then correct, if necessary, the measured
derivative amplitudes so as to truly represent the atomic

concentrations in the sample.
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

Auger dN(E)/dE spectrum of MgO surface taken at a
primary—-beam energy of 3 keV with the best
instrumental resolution. The resolution widths wr, as
well as the main-peak energies for the oxygen (~5Q0
eV) and magnesium (1170 eV) lines are marked on the

figure.

Auger dN(E)/dE spectrum of the same MgO surface as in

Fig. 1, measured with a somewhat lower resolution.

Auger dN(E)/dE spectrum of the same MgO surface as in

Figs. 1 and 2, taken with the lowest resolution.
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