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ABSTRACT
Auger electron spectroscopy and mass analysis are used as
complementary methods in evaluating desorption kinetics.

For

phosphorus on silicon, the order of desorption and activation energies
of desorption are determined from continuously monitored
Auger electron signals during heating.

phosphorus

These measurements indicate

that diatomic phosphorus dissociates when adsorbed onto clean
silicon.

Mass spectrometer flash desorption spectra show that at

least four distinct surface bonds are associated with the desorption
of phosphorus.

The dominant desorbed species is diatomic phosphorus

at high coverage (> 0. 1 monolayer) and atomic phosphorus at low
coverage (< 0.07 monolayer) .
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I INTRODUCTION

It has been found that a sub-monolayer deposit of phosphorus is
desorbed from a silicon (111) surface mainly as diatomic phosphorus 1 .
The P2 desorption process obeys second order kinetics and has an
activation energy of 68.6 ± 0.8 kcal mol -1 for phosphorus coverages
between 0.1 and 0.5 atomic layer.

However, the data also indicate a

possible change to first order kinetics at coverages below 0.1 atomic
layer 1 •

(Ageneral

desorption equation can be expressed as
•

n

N.1 = -v.1 n N.1 exp(-E./RT)
1

(1)

• is the rate of desorption ( atoms em -2 s -1 ) , n is the order
where N.
1

of the reaction, vin is the pre-exponential factor, Ni is the
instantaneous concentration (atoms cm- 2 ), E. is the activation
1

energy, T is the true absolute surface temperature, and R is the
universal gas constant.

For phosphorus on silicon n

~

2 so that only

the first order equation
(2)

and the second order equation
(3)

need to be considered here.

the ith surface

Equations (1), (2), and (3) pertain to

bond.)

To learn more about kinetics and energies of phosphorus films
desorbed from Si (111) substrates, we have used two complementary

2

experimental methods:

flash desorption analysis using mass spectro-

metric detection of desorbed species, and isothermal desorption using
Auger electron spectroscopy (AES).
The flash desorption technique involves heating the sample at
a controlled rate.

The pressure P and sample temperature T are

recorded as a function of time.

Assuming no readsorption takes place

on the sample or on the walls, Redhead 2 has expressed the mass
balance of molecules as
(A/KV) Ni = (P-P 0 ) S/V + dP/dt

(4)

where A is the sample area (em 2 ), V is the volume of the chamber
(liters), S is the pumping speed of the system for molecules leaving
the bond state i, K = 3.27 x 10 19 molecules liters- 1 torr- 1 at
T = 295°K, and P0 is the equilibrium partial pressure (torr) before

In our system V =50 liters and S =BOO

and after desorption.
liters s -1 •

For the experiments, S/V was large enough to make the

term dP/dt negligible in Eq. (4).

Therefore, the mass spectrometer

signals for atomic and diatomic phosphorus were proportional to the
desorption rates of these species.
Redhead 2 has shown further that the maxima observed in a

.

desorption spectrum (N.1 vs t) correspond to specific surface bonds.
At these maxima,
(dNi/dt)

T

=

0

=

Tp

where Tp is the temperature at the maximum desorption rate.
temperature sweep of the form

(5)

If a

3

T0 + 6t

T

(6)

is used, then for a first order desorption process
2
E./RT
1
p

=

(v.1 1/6) exp(-E./RT
)
1
p

(7)

and for a second order desorption mechanism
2
E./RT
1
p

=

(2N pv.1 2/6) exp(-E./RT
1
p)

(8)

where Np is the instantaneous concentration ( molecules em -2) at
T

Tp , T0 is the initial temperature, t is the elapsed time of the
temperature sweep (s) and 6 is the temperature sweep rate (° K s- 1 ) .
=

For a second order process, Redhead 2 also has shown that the ratio
Ni 0 /NP (where Nio is the initial coverage) is nearly 2 for a second
order reaction and that the expression
E./RT
+ 2
1
p

=

d(Log 6)/d(Log Tp)

can be derived from Eqs. (7) and (8).
useful.

(9)

Eq. (9) is particularly

It shows that, in principle, E.1 can be determined without

knowing the frequency factor and the order.
( Finally, Redhead 2 has proved that the shape of the desorption
rate curve is asymmetric about the temperature maximum Tp for a first
order reaction and symmetric for a second order one.
n can be estimated from the shape of the curve)

Thus the order

~owever, in our

experiments, the interpretation of the desorption rate curves was
made difficult by an imperfect linear temperature sweep and the
possibility of unresolved peak ~.

We found a better way to determine

the order by using Auger electron spectroscopy (AES).

4

Isothermal desorption using Auger electron analysis often
employs low energy electron diffraction (LEED) to relate Auger
electron signals to the coverage of adsorbed species on surfaces,
e.g., silver on gold 3 and chlorine on silicon 4 • Other techniques
used to calibrate Auger electron signals have been limited to
specific types of adsorbed layers 5 ' 6 ' 7 •
Weber and Johnson 8 calibrated the potassium Auger peak by
depositing potassium ions on germanium (111) and found that the Auger
electron signal amplitude was proportional to the coverage (for

e

<

1, where

e is the fraction of one monolayer) . The Auger electron

signal . of phosphorus on silicon was calibrated in our laboratory
with a quartz microbalance 9 , a technique pioneered by Haneman 10 •
From this calibration, the coverage of phosphorus was found from the
ratios of the 121 eV phosphorus to the 91 eV silicon Auger electron
signal amplitude (Fig. 1) . As expected from the results of Weber and
Johnson 8 , the phosphorus signal amplitude was found to be proportional
to the coverage. ~Therefore isothermal desorption was recorded to
give the phosphorus coverage Ni as a function of time 0 The slope of
the N.(t)
curve gave~-1 vs time . ) ~f rom Eq. (1), it is evident that a
1
i

plot of log Ni versus log Ni should give a straight line, the slope
of which is equal to the order n.

For a given coverage, the activa-

tion energies of desorption are computed from the slope of the curve
log Ni versus 1/T (Arrhenius plot ~.

As with flash desorption, one

can determine in principle all the parameters of Eq . (1) .

However,

the main disadvantage of AES is that the different species of
phosphorus (atomic or polyatomic) are indistinguishable .
it is difficult to separate the different bond energies .

Furthermore

5
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Figure 1. Au~er Spectra d N(E) IdE of the Si(111) Surface. (A) Thermally cleaned silicon;
(B) After deposition of about one monolayer of phophorus (121 eV).
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II EXPERIMENTAL APPARATUS AND PROCEDURE
A.

Arrangement

The experiments were performed in a fifty liter stainless steel
chamber. With an 800 liter s- 1 pumping speed, a pressure less than
1o- 10 torr was obtained after the bakeout. During measurements, the
total pressure was less than 10- 9 torr.

The main impurities detected

by mass spectrometry were H2 , co and co 2 (PH ~ ~Pea and Pc ~ ~ Pc 0 ).
02
2
The instrumental arrangement is shown in Fig. 2. The phosphorus
source, similar to Arthur•s 11 , was arranged with heated gallium
phosphide crystals surrounded by a liquid nitrogen-cooled shield.
The main species emitted from the source and detected by the monopole
mass spectrometer was diatomic phosphorus.
The sample (a dislocation-free Si (111) wafer having a resistivity larger than 1000 ohm em) was mounted on a vacuum manipulator
such that it could be positioned in front of the phosphorus source,
the AES (cylindrical mirror velocity analyzer with coaxial electron
beam) or the mass spectrometer.

The sample was cleaned thermally by

electron bombardment and its temperature measured by a thermocouple
previously calibrated with an optical and an infrared pyrometer.

A

study of the temperature gradient showed a difference of 30°C from
the center to the edge of a 0.5 em radius sample at T = 1300°K.
B.

Procedure
The Si wafer was first cleaned by heating to 1200°C for several

minutes.

A check of the surface composition by AES usually showed

about 0.05 atomic layer of carbon as the only impurity.

The primary

7
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Figure 2.

LN2 SHIELD

Instrumental arrangement.
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electron energy was 1500 eV.

Phosphorus was deposited and its initial

coverage (- one monolayer) determined by AES.

Here one monolayer

corresponds to a concentration of 7.2 x 10 14 atoms em -2 •

The

phosphorus was then thermally desorbed.
In the case of flash desorption, after determination of the
phosphorus coverage, the sample was positioned in front of the mass
spectrometer (Fig. 1). A 5-30°K s- 1 temperature sweep rate
( reproducible to ± 0.05°K s -1) was obtained by fixing the bombard-

ment filament heating current and sweeping the bombardment voltage.
The measurement of

th~

sample temperature during the flash desorption

was made by recording the thermocouple output.

The thermocouple emf

was previously calibrated with a telescopic infrared pyrometer.
For the AES desorption measurement, the phosphorus Auger signal
was continuously monitored versus time at the high energy (121 eV)
extremum of dN(E)/dE, where N(E) is the electron energy distribution
at a given energy E (Fig. 1).

The sample temperature was held

constant for the duration of the isothermal desorption run (a few
minutes).

At the end of the run, the final coverage was determined

from the silicon-phosphorus AES spectrum.

Knowing the initial and

final coverages, it was possible to convert the phophorus 121 eV
isotherm recording to phosphorus concentration versus time at
constant temperature.
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III EXPERIMENTAL RESULTS
A.

Mass Spectrometer Flash Desorption

As shown in Fig. 3, the P+2 (62 amu) flash desorption spectrum
indicates three bonds characterized by a peak with one shoulder on
each side.

The P+ (31 amu) spectrum indicates a single bond.

No

polymers of phosphorus or silicon-phosphorus were detected.
The activation energies of desorption Ei for each bond were
determined from the peak (or shoulder) temperatures TP reported in
Table I as a function of sweep rate using Eq. (9).

The values of

Ei were 38±5, 52±6, 61±6 kcal mol-l from the P~ spectrum and 75±5
kcal mol -1 from the P+ spectrum.

The flash desorption study did not

give us any clear information about the order of the four different
observed reactions.

Nevertheless, by assuming a first order process

for all of them, we computed the value of vil from Eq. (7). The
values of vil were 3.0 x 10 10 , 4.4 x 10 7 and 2.5 x 10 9 s-1 for the
P~ spectrum, and 7.6 x 10 13 for the P+ spectrum. Reaction rate
theory 12 predicts that, for a first order reaction
vil

=

kT/h

(10)

where T is the temperature of desorption (equivalent to Tp in this
+
case). Using the value of Tp found from the P spectrum, Eq. ( 10)
gives vil = 2 X 1013 S -1 • Thus it appears that the P+ peak is
representative of a first order reaction.

It is shown in the next

section that the AES data for lm'l coverage are consistent with this
interpretation.
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TABLE I
FLASH DESORPTION DATA
Bond
Number*

Initial
Coverage
(x 10-14 atoms em -2)

1
1
1
1
1

8.6
8.3
7.8
7.6
6 .. 3

6.1
13.4
14.5
26.3
31.9

987
1024
1028
1058
1068

2
2
2
2
2

8.6
8.3
7.8
8.3
6.3

5.8
13.2
16.8
25.6
31.5

1101
1137
1148
1168
1178

3
3
3
3

8.6
8.3
7.8
7.6

6.7
10.0
18.6
25.9

1163
1180
1207
1222

4

7.7
10.1
7.3
7.6
8.2

6.0
12.7
16.7
27.6
30.2

1115
1139
1148
1165
1168

4
4
4
4

* Number 1
Number 2
Number 3
Number 4

corresponds
corresponds
corresponds
corresponds

to
to
to
to

the
the
the
the

Temperature
Sweep Rate S
(oK S-1)

Tp
( o K)

p+ 1O\-v temperature (shoulder) bond.
2
p+ (main peak) bond.

2

p+ high temperature (shoulder) bond.
2
p+ (peak) bond.
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B.

AES Isothermal Desoretion
Fig. 4 shows the desorption rate as a function of coverage at

114 0 o K.

At higher coverages ( N > 4 x 10 14 atoms em -2) , a loss of

information is caused by the thermal time constant of the sample.
The temperature setting was not reached quickly enough to record the
presence of the low energy state observed in the flash desorption
spectra.
Three straight line segments are apparent in Fig. 4.
discontinuities were quite reproducible.

The

They are believed to be

indicative of three separate bonds. At coverages greater than
1 x 10 14 atoms em -2 , the slope of the curves varied from 1.8 to 2.2,
indicating a second order desorption. At coverages less than
0.7 x 10 14 atoms cm- 2 , the slope changed abruptly to unity, implying
a first order desorption.

Several curves similar to those in Fig. 4

were recorded at different temperatures and were combined to yield
the Arrhenius plot shown in Fig. 5.
For second order desorption, the average activation energies
computed from the slopes were 68±3 kcal mol -1 .

The corresponding

average pre-exponential factor computed from Eq. (3) at different
temperatures was 7.5 x 10 -4 em 2 atom -1 s -1 .
( For first order desorption, it was not possible to make an
Arrhenius plot because of the large scatter in the dat~.

This was
probably due to the fact that at low coverage (less than 0.7 x 10 14
atoms cm- 2 ), the monitored Auger signal and its computed time

derivative were small enough to affect the sensitivity and to increase
systematically the error in the determination of N and N.

This could
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be the reason that when the pre-exponential factor was taken to be
equal to the value computed from flash desorption (vil = 7.6 x 10 13 )
and when Eq. (2) was assumed to describe the desorption kinetics,
the average activation energy at different low coverages was found
to vary from 83±1 kcal mol-l at lll0°K to 92±1 kcal mol-l at 1266°K
as shown in Table II.
From flash desorption P+2 spectra, Eq. (8) gives the activation
energies, if the pre-exponential factor and the initial coverage Nio
for each peak or shoulder can be determined. vi 2 was taken to be
equal to 7.5 x 10- 4 (as computed above). In this experiment, N.10
could not be measured directly.

Therefore, Nio was assumed to be

equal to one third of the initial coverage given by AES for each of
the three bonds.

The values of the activation energies were,
respectively, 57±2, 64±2, and 67±2 kcal mol- 1 • We note that the two

last values are consistent with the 68±3 kcal mol -1 computed from
the slope of the Arrhenius plot.
By applying the same pre-exponential factor to Eq. (3) and
taking the instantaneous N and N at different times from the AES
isotherms, the average desorption energies for different temperatures
vary from 65.8±.8 kcal mol-l at 1141°K to 70.2±.8 kcal mol-l at
1266°K (Table II).
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TABLE II
ACTIVATION ENERGY OF DESORPTION COMPUTED FROM AUGER ELECTRON DATA

Thermocouple
Reading
(mv)

s -1

Temperature
(o

K)

Second Order*
Activation
Energies
(kcal mol- 1 )

First Order**
Activation
Energies
(kcal mol-l)

18

1266

70.2

92.2

18

1266

67.7

91.9

17.4

1218

69.3

88.3

17

1201

67.9

87.9

16

1141

65.8

85.2

16

1141

65.8

82.5

15.6

1120

67.3

83.7

15.4

1109

67.2

82.8

*Assuming the rate constant vi 2 equal to 7.5

X

10- 4 em 2 atom -1

**Assuming the rate constant vil equal to 7.6

X

1013 s -1
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IV DISCUSSION AND CONCLUSIONS
From the results given above, we could determine the number of
the surface bonds and the activation energies for desorption.

Flash

desorption spectra (Fig. 3) and Auger electron isothermal desorption
data (Fig. 4) were complementary.

They revealed two different kinds

of kinetics.

Most of the phosphorus was desorbed as P2 according to
a second order process. The remaining phosphorus was desorbed as
P according to a first order process.
It is necessary to point out that the computations of the desorption energy and the pre-exponential factors from flash desorption data

are subject to several errors. (_Combined errors of the desorption
energy due to the sample temperature gradients and absolute
temperature sweep rate are estimated to be as large as 5 per cent.)
It is better to vary the heating sweep rate over several orders of
magnitude to determine activation desorption energies 2
Here the
temperature sweep rate was variable over a range less than a decade
because of the thermal time constant of the sample. Another error,
pointed out by Redhead 2 , is caused by the finite pumping speed . Its
effect is to shift the thermal desorption peak position.

In our case,

the peak temperatures were found to be displaced less than 2 per cent.
Some additional errors due to the repositioning of the sample and
the drift of the mass spectrometer settings were found to be small
compared to the above errors.

The dissociation of diatomic phosphorus

inside the monopole mass spectrometer seems to be small enough not to
appear in the P+ spectra.

18

Three peaks were evident for the P; flash desorption at different
temperature sweep rates.

But the poor resolution increased the error

on the determination of the activation desorption energies.

Therefore,

there appears to be some discrepancy between the tv.Jo methods of
calculating activation energies, one using Eq. (9) (reported in
section III.A.: 38±5, 52±6, and 61±6 kcal mol -1) , the other using
Eq. (8) (reported in section III. B.: 57±2, 64±2, and 67 ±2 kcal
mol- 1 ). However it is probable that these differences would be
greatly reduced if the range of the temperature sweep rate could be
increased by a factor of ten, so that Eq. (9) could be used more
reliably.

Thus the activation energies were calculated from Eq. (8)

for the two strongest second order bonds.

Using this equation, the

calculation of the activation energy is insensitive to the exact
If N.10 is taken to be equal to a third of the initial
coverage, the estimated error on the activation energy is less than
1 kcal mol -1 .

The shape of the P+2 desorption spectra was unchanged
for different B. For this reason, it appears that conversion between
the three different observed states is not significant 13 . Unfortunately, the isothermal desorption data did not reveal the presence
of the weakest bond observed by flash desorption.
The P+ flash desorption spectrum showed a single symmetrical
peak associated with a first order process.

The computation of the

energy for a first order process is simpler because the initial
coverage does not need to be known.
to determine the bond energy:

Again we have two different ways

the sweep rate variation method (using

19

Eq. (9) and reported in section III.A.) and the method using Eq. (7)
where the pre-exponential factor can be expressed from Eq. (10).
Both methods yielded the value of 75±5 kcal mol- 1 . Because of a lack
of sensitivity at low coverage, the Auger electron isothermal
desorption data did not allow us to compute a reasonable value for
the first order bond energy; but these data did confirm the first
order process.
These results imply the following interpretation.

The diatomic

phosphorus from the molecular beam phosphorus source is dissociated
after adsorption on the silicon surface.

During the thermal

desorption process, two phosphorus atoms recombine into a P2 molecule,
rather than desorb separately, because the net activation energy for
a molecule is smaller than for two atoms.

But the probability of

recombination depends on the phosphorus concentration and becomes
very small at low coverage.

Below 0.1 monolayer, a change of

kinetics is observed and the phosphorus desorbs mainly in the form
of atoms.

It is necessary to point out that at low coverage a bulk

diffusion process could be in competition with the first order
desorption, because the bulk diffusion activation energy determined
by Ghoshtagore 14 and equal to 76 ±0.6 kcal mol -1 is about equal to the
first order activation energy.
with our instrumentation.

A bulk diffusion was not observable

However, the presence of bulk diffusion

at low coverage ( < 0.7 x 10 14 molecules em -2) would not influence the
+

flash desorption P data.

Therefore, while the AES low coverage data

may include bulk diffusion effects, the order of the low coverage
desorption kinetics is not in doubt.

20

v

sur~r-1ARY

We found that one monolayer of phosphorus on a silicon (111)
surface desorbs mostly as diatomic phosphorus according to a second
order process.

At least, three bonds were associated with the

diatomic desorbed species.

The two strongest ones were associated

with activation energies of desorption equal to 64±2 and 67±2 kcal
mol- 1 • The third one looked to be much weaker but its activation
energy for desorption could not be determined precisely.

At low

coverages (below 0.1 monolayer), phosphorus desorbed as atomic
phosphorus according to a first order process.

The corresponding

bond had an activation energy of desorption equal to 75±5 kcal mol- 1 •
We concluded that one monolayer of diatomic phosphorus is dissociated
after adsorption on the silicon surface.
Quantitative Auger electron spectroscopy and flash desorption
mass spectrometry were found to be two complementary methods to

21
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APPEf~DIX

A

ADDITIONAL INVESTIGATIONS
An attempt was made to obtain isothermal desorption data using
the monopole mass spectrometer.
+

As with flash desorption, the

+

amplitudes of the P and P2 signals were proportional to the desorption rate of the ~tomic and diatomic phosphorus species, respectively.

By AES, the initial and final surface coverages Here determined.
HovJever the ca 1 i brati on of the tv1o curves requires the determination
of the percentage of P and P2 desorbing at the beginning and the end
of the isothermal desorption, which was not possible in our case. On
the other hand, the sensitivity of the mass spectrometer was too low
for studying coverages of less than one tenth of monolayer and it
was not possible to observe the first order kinetics.
A surface diffusion study was performed at a lower temperature
(less than 1000°K).

For this purpose, a small circular orifice was

mounted on the phosphorus source, in order to reduce the size of
the adsorbed phosphorus spot to a diameter of 3mm.

A cathetometer

was used to measure the displacement of the sample in front of the
Auger electron beam.

After evaporating one monolayer of phosphorus

onto a silicon \'Jafer, the sample was held at 835°K for tv1o hours.
A scan of the phosphorus spot diameter showed

al~ost

no surface

diffusion although the phosphorus coverage had decreased uniformly
by about 0.3 monolayer.

It is possible that the decrease in coverage

was due to bulk diffusion which could have been enhanced by slip
planes which were clearly visible on the polished silicon surface.
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A better investigation could be done, using different sample temperatures and a strain-free silicon sample.
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APPENDIX B
AUGER ELECTRON SPECTROSCOPY
To complete the Auger electron study, the Auger process is
summarized and a description of the Auger electron spectrometer is
presented.
A.

Auger Electron Process
Auger spectroscopy is presented in different publications. *

notation of the electron shells commonly used is:
shells for a principal quantum number n=1,2,3, ....

The

K, L, M, ...
The subscripts

for each shell above K, i.e., L1 , L2 , L3 , denote energy levels for
different azimuthal and electronic spin terms.
A vacancy can be created in an inner shell (the K shell in
Fig. 6) by electron bombardment, X-ray irradiation or some other
method.

A de-excitation can occur in two different ways.

In the

X-ray case, the vacancy is filled by an electron from an outer shell
(L 3 shell in Fig. 6) and the energy released is emitted as an X-ray
quantum.

In the Auger case, the electron vacancy is filled by an

electron from an outer shell (L 1 shell in Fig. 6). The energy
released by this transition is transferred to another electron in
one of the outer shells (L 3 shell in Fig. 6), which is then ejected.
The notation used for the Auger transition ** illustrated in Fig. 6

* Kai Siebahn et al., ESCA Atomic, Molecular and Sol1d
. State
St r ucture studied by means of Electron Spectroscopy (Almqvist &
Wiksells Boktryckeri AB, Uppsala,

S~'ieden,

1967).

** G. A. Somorjai, Principles of Surface Chemistry (PrenticeHa 11, Englewood Cliffs, New Jersey, 1972).
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is KL 1L3 • If two shells, for example L2 and L3 , are equivalent in
energy, they can be written L23 • A valence band involved in the
Auger process is usually called V.

It has been found that for the

light elements, the probability of Auger transition is much greater
than the probability of X-ray de-excitation.
phosphorus and silicon.

This is the case for

The transitions observed at 91 eV and 121

eV for Si and P are L23 V V transitions. If, as in our experiment,
the excitation occurs by electron bombardment, some of the electrons
are directly reflected from the surface without any loss of energy.
The corresponding peak, called the elastic peak, is maximized in
amplitude while positioning the sample in front of the Auger
electronics.
B.

Auger Electron Analtzer
Fig. 7 shows the electrical diagram of the electron optics

system (PHI

r~odel

10-234 G made by Phys.ical Electronics Industries).

The electron gun produces a focused high current beam directed along
the axis of the analyzer.

The electron beam incident on the sample

generates secondary electrons \vhi ch enter the cylindrical velocity
analyzer through the entrance slit in the inner cylinder.

Electrons

of a particular energy E are reflected by the potential V applied
to the outer cylinder.

These electrons pass through the exit slit

in the inner cylinder and are focused on the final exit aperture.
Then the very small electron current (less than 11-lA) strikes the
first stage of the electron multiplier and is amplified.

From the

electron multiplier, a signal proportional to N(E) (where N(E) is the
energy distribution) can be obtained versus E.
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In order to reduce the background electron signal, the first
derivative of the energy distribution N(E) with respect to E is
obtained electronically.
voltage

~V=k

This is done by adding a modulating

sinwt to the potential V.

By using a Taylor expansion,

Chuan C. Chang * expressed the collected electron current as:
( V + ~V) ~ I 0 + I • ( V) k s i nw t - ~I

11
(

V) k2cos 2w t .•.

(11)

if k3 and higher order terms can be neglected.
The lock-in amplifier is able to detect a signal with frequency
w.

According to Eq.

(11)~

th is signal is proportional to I•(E) and

consequently to the slope of the curve N(E) versus E.

For example,

Fig. 1 shows an Auger spectra d N(E) I dE of the silicon sample with
the 91 eV silicon peak and 121 eV phosphorus peak.

To obtain a good

resolution, the modulating voltage has to be chosen almost equal to
the half width (in volts) of the peaks N(E) versus E.

The electron

beam voltage, beam current and modulation voltage used for all
measurements were 1500 V, 30

~A

and 4 V respectively .

* Chuan C. Chang, Surface Sci. 25, 53 (1971).

