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Clean cleaved Si(111) samples of various degrees of doping have been vacuum annealed at increas-
ing temperatures, up to 1150°C and studied in situ by photoemission-yield spectroscopy, with low-

energy electron-diffraction and Auger-electron-spectroscopy controls.

The photoyield-spectrum

changes upon annealing of 7X7 reconstructed surfaces are interpreted as a sharp increase of the
density of acceptor levels in the surface layer probed by photoemission. The effect starts above
700°C and saturates beyond 1050°C at (241) X 10'° acceptor states cm™>; contamination decreases
this p-type overdoping effect. It is attributed to the formation of the appropriate number of Si va-
cancies, which relaxes, and therefore measures, the residual surface stress of the perfect 7X7 recon-

struction.

INTRODUCTION

In addition to cleavage under vacuum, the preparation
of a clean surface of silicon requires some vacuum anneal-
ing. Its role is either to desorb the impurities which have
been left by the preliminary preparation, the nature of
which is crucial, or to reorder the surface layer after ion
bombardment, or both. There are many reasons for the
hopefully clean surfaces which come out of various opti-
mized procedures to have some common features and
some differences in their morphologies and electronic
properties. The details of the final annealing contribute
to increasing the similarities or the differences between
different surfaces. The present work deals with the
changes in bulk electronic properties within less than 50
A from the surface induced by vacuum annealing of clean
cleaved silicon (111) surfaces at increasing temperatures.

It had been noticed long ago that lightly-doped Si(111)
wafers cleaned under ultrahigh vacuum by annealing
above 1100°C showed a p-type doping larger than 10"
cm ™3 extending over several um from the surface.! The
same kind of effect had been studied in more detail a few
years ago>> and boron impurities have been found to be
responsible for it, through very small surface contamina-
tion and diffusion. There, the boron concentration could
reach at most 10'” cm ™3 over a few thousand angstroms,
that is, altogether, 10'? boron atoms per cm?. At a small-
er scale and sometimes much higher doping levels, redis-
tribution of dopants close to the (111) and (100) surfaces
of vacuum-annealed silicon crystals have been ob-
served.>* The case of boron surface enrichment by vacu-
um annealing of heavily doped samples (over 10" cm™?)
has been well studied recently.’ ! The case of lightly
doped n- or p-type samples which, upon annealmg, exhib-
it a high overdoping (this time over 10" cm ™3 within a
very thin layer below the surface) remains to be elucidat-
ed. It can be probed only through surface- sensmve tech-
niques. It was studied on Si cleaned wafers!! and was re-
lated to a carbon enrichment within the surface layer.

In the present paper a systematic study of the anneal-

43

ing effect is presented for lightly-doped samples,
n =4X10" cm™3, where the initial surface is prepared
by cleavage in order to avoid extrinsic impurities and dis-
ordering associated with a cleaning procedure. The sur-
face probe which allows us to control the bulk doping in
a layer less than 50 A thick below the surface is the
high-resolution photoemission yield spectroscopy. As
was shown long ago in the case of clean cleaved silicon,
the shape of the yield curve is very sensitive to the doping
level of the sample when it reaches 10"® cm™? and
above.'>!® It is related to a simple band-bending effect
which is most effective in the present case of very low
photon energy photoemission, where the electron escape
depth is in the 10-15- A range.

The paper is organized as follows. After giving some
details about the experiments, the yield curves which are
expected for various p-type doping levels are computed
and checked against the measured ones for a few heavily
doped p-type samples annealed at low temperature
(500°C), i.e., without p-type overdoping. Then, the re-
sults for lightly doped samples, annealed at higher tem-
peratures, are presented and discussed. In particular, the
yield curves are compared to computed curves in order to
estimate the level of the p-type overdoping.

EXPERIMENT

The experiments were performed in a multipurpose
ultrahigh-vacuum system which has been described ear-
lier'* and which accommodated clean surface preparation
techniques and surface analysis techniques such as low-
energy electron diffraction (LEED), Auger spectroscopy
(AES), and electron-energy-loss spectroscopy, together
with photoemission yield spectroscopy (PYS). The latter
is a measure of the total photoemitted current as a func-
tion of photon energy in the threshold region, from about
4.00 to 6.70 eV, with high sensitivity and accuracy.!

The samples were silicon single crystal bars about 5X7
mm? in cross section, with the long axis along the [111]
direction. A notch about 2 mm deep was cut along the
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5-mm side, the 7-mm side being the [211] direction. It
gave by cleavage under ultrahigh vacuum a clean 2X1
reconstructed (111) surface, about 5X5 mm?. It was con-
verted into a 7 X7 reconstructed surface, with negligible
contamination, by annealing at 500°C in a cylindrical
open-ended furnace. This homemade furnace had only
refractory metals (W and Ta) as hot parts. Its insulating
parts were made of vacuum-treated alumina; they stayed
at relatively low temperature and were not in view of the
sample during annealing cycles. The same furnace was
also used, of course, for high-temperature annealing. It
was first thoroughly outgassed in the 1250°C range be-
fore any new cleave. Then, before any sample annealing,
the calibrated furnace was first heated to the desired tem-
perature. Once the pressure was back to normal, around
(1-2)X1071° Torr, the sample was entered into one end
of the furnace and kept there from 3 min up to 1 h, de-
pending on the experiment. Then the sample cooled
down at its own rate, after turning off the furnace power
supply. It took some time since PYS measurements be-
came possible (dark counting back to normal with about
1 count per 10 sec) only 20 min later.

The temperature calibration was made previously us-
ing a special silicon sample drilled down to about 1 mm
from the surface entering the furnace, into which a ther-
mocouple was fixed. A second thermocouple inside the
furnace was also used and the power supply was current
stabilized. The effect of sample depth into the furnace
was checked since after each cleave the silicon bar is
shorter and possibly different annealing temperatures
must be controlled.

In all the experiments, possible contamination was
checked using AES and the permanence of the 7X7
reconstruction was controlled by LEED.

EFFECT OF p-TYPE DOPING OF SILICON
ON PHOTOEMISSION YIELD SPECTRA

Band-bending effects in photoemission from semicon-
ductors have been very well known since the early ages of
modern photoemission, and high dopings have been used
very early!? to bring to the same order of magnitude the
escape depth A of electrons through a clean semiconduc-
tor surface and the thickness L of the space-charge layer.
For p-type silicon, the effective Debye length L, is at
room temperature:

L, =(e€kT /e’ N ,)'/?=4.1X10°N['? m

and the corresponding electric field close to the surface
Fg in the space-charge region is, in the case of a depletion
region,

F, ———[2(| =D

=8.62X 10" %[N ,(|v,|—1)]"* V/m.

If we take a barrier height of 0.50 eV, v, is 20 and for a
doping N, of 10** m™, F, is equal to 37.6X10° V/m,
that is, 3.8 mV/A and varies as N \/2.

In the present photoemission measurements, the pho-
ton energy range is very low, 4-6.7 eV, and the escape
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depth A, is relatively large: by numerical fitting of a set
of photoyleld spectra taken from variously doped cleaved
samples,!? A, has been found to be about 12—15 A. Most
of the valence electrons contrlbutmg to the photoemis-
sion yield are therefore coming from a layer less than 40
A thick. A band-bending effect can be observed in the
spectra (see Fig. 1) only if the voltage change AV over
less than 40 A is larger than the energy resolution of the
system, that is, slightly more than k7T, or about 30 meV.
The surface electric field must then be higher than 0.75
mV/A: it is clearly the case when N , is above 102 m~?
(that is, above 10'7 cm™3), of course, if a surface barrier
in the 0.5-eV range does exist.

Another point has to be raised if a quantitative evalua-
tion of the band-bending effect on photoemission yield in
heavily doped samples is to be made; that is, the effect of
degeneracy which appears in the high 10'® cm ™2 for p-
type silicon. The situation is illustrated by case (c) of Fig.
1: (a) the valence-band edge is no longer a well-defined
limit since the acceptor state band merges into the
valence band, (ii) the bulk density of states has an ex-
ponential tail which goes deep into the gap, (iii) the Fermi
level crosses the pseudo-valence-band-edge at some dis-
tance from the surface, giving a nonconducting medium
close to the surface and a semimetal in the bulk. The
theoretical calculation of the bulk density of states of a
heavily doped semiconductor is not a simple problem.'®
In fact, to our knowledge, there are no such results in the
case of heavily doped p-type silicon, with its light and
heavy holes. Anyway, if they existed, they would not be
directly applicable to our problem, because, in the surface
space-charge region, there is a strong and changing elec-
tric field which should significantly modify the density of
states.!®

Therefore, our procedure has been the following. Pho-
toemission yield spectra have been recorded for a few
differently doped p-type silicon samples having under-
gone low-temperature annealing to induce the 7X7
reconstruction but without any risk of surface overdop-

(=) Intrinsic (b) p type (c) degenerate p type
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FIG. 1. Schematic of the space-charge region of a silicon
(111) surface, (a) for an intrinsic or lightly doped sample, (b) for
a moderately doped p-type (~10'® cm™3) sample, (c) for a de-
generate p-type sample (p ~10'° cm™3). E; is the ionization en-
ergy, @ the work function, Er the Fermi level, E. and E, the
conduction- and valence-band edges, respectively. Superim-
posed are the surface density of states Ng(E) and the bulk densi-
ty of states Np(E,z). A is the escape depth of photoemitted elec-
trons.
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ing. The results are shown in Fig. 2 on a semilogarithmic
plot in order to see more clearly the differences in the
threshold region. As expected from case (c) of Fig. 1, the
semimetallic behavior of the sample with the highest dop-
ing is obvious: at threshold, the photoyield increases ex-
ponentially over two or three orders of magnitude with
the kT slope of a Maxwellian distribution.

Then these curves have been phenomenologically
reproduced in the following way. As drawn in Fig. 1, we
have assumed that the ionization energy E; (5.3 eV for
clean Si) and the density of surface states Ng(E) were in-
dependent of the doping. We have accepted the experi-
mental evidence of a slight increase of the work function
@ at high p-type doping levels: the positive surface
charge must increase by emptying surface states at Fermi
level when the doping increases, in order to keep the
equilibrium between the surface and bulk charges.
Therefore, the surface barrier decreases slightly. Now, in
order to evaluate the bulk state contribution to the yield,
we followed the same approach as in Ref. 12, using this
time an effective density of bulk states which is at first
unknown, Ny(E,z,N,). The first step has been to
parametrize Ny in the most convenient way with respect
to the theory'® and to simplify the calculation. It has

p-Si(111)
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FIG. 2. Semilogarithmic plot of measured photoemission
yield spectra, in electron per incident photon, as a function of
photon energy for clean silicon (111) 7X7 reconstructed sur-
faces obtained by cleavage and annealing at 500°C under ul-
trahigh vacuum (2X 1078 Pa). Samples doped at (a) 4X 10'* P
atoms cm™3 (lightly doped reference); (b) 1.4X 10'®* B atoms
cm™3; (c) 4X 10" B atoms cm 3.
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been dissociated into a doping-independent part
Npo(E,z), and a doping-dependent impurity band
Ny, (E,z,N ,) as illustrated in Fig. 3:

NB(E,Z,NA)zNBo(E,Z)+NBi(E,Z,NA) .

It has been assumed that the two densities of states do
not overlap, but that they are tangent at a pseudo-
valence-band-edge E,z. Np, is taken to be of the form
k(E —E,z)%’? as was found for the lightly-doped sam-
ples.”” Np; is represented by a rectangular function
parametrized by its width AE, its height H being deter-
mined by the density of acceptors N ,: H AE =N 4. The
z dependence of both Ny, and Np; arises from the band
bending through the change in energy position of E g
across the space-charge region.

The variation E 3(2) is related to the potential distribu-
tion ¥ (z) in the space-charge region. The latter is deter-
mined by integrating Poisson’s equation in which the
density of charges p(z) at depth z comes from the filled
part of the impurity band only. If f(E) is the Fermi
Dirac distribution function, we have

p(Z):NBi(E,Z,NA )f(E _EF) .

Both the exponential tail in the gap and the hole con-
centration in Ny, have been neglected. Given the surface
barrier height V,, the surface electric field
F,=—(dV/dz) at z=0, and the position of E, with
respect to Ep far away from the surface, Poisson’s equa-
tion can be easily integrated numerically for various
values of AE.

Then the bulk contribution to photoemission is the
sum of the contributions of the two densities of filled
states, integrated both in energy and in depth, using the
voltage distribution found above. Comparison with the
measured yield spectra obtained for differently doped
samples gives the best values for the AE parameter, A be-

E
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0 Z,4 r 23 Zy V4

FIG. 3. Model of bulk density of states used to calculate the
voltage distribution in the surface space-charge region of heavi-
ly doped p-type samples. It is drawn at three depths from the
surface to illustrate the occupation changes of these states as a
function of distance. E is the Fermi level. See text for the oth-
er notations.
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ing fixed at 12 A. The density of filled surface states,
which has been deduced from the yield spectra of lightly
doped samples,“"17 is taken care of, at each hv, either by
subtraction from the measured yield curve or by addition
to the calculated bulk contribution of its integral from Ej
to hv below the vacuum level.

Examples of calculated spectra (solid lines) are
displayed in Fig. 4 and compared to measured yield
curves (dotted curves) for extreme cases of heavily doped
p-type samples with N, =1.4X10'® cm ™3 (case 1) and
N ,=4X%10" cm™? (case 2). Two values for AE come
out of these comparisons: either 0.025 eV for N , < 10"
cm ™3 or 0.05 eV otherwise. The fits are satisfactory con-
sidering the crude approximations which have been
made. They show that the model reproduces the quanti-
tative behavior of the yield spectra as the level of p-type
doping changes, and that it can be used, as in the next
part, to evaluate the doping of unknown p-type surface
layers.

PHOTOEMISSION YIELD SPECTRA
OF VACUUM ANNEALED Si(111)

After cleavage in ultrahigh vacuum, the clean Si(111)
surface is characterized by a well-known 2 X 1 reconstruc-
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FIG. 4. Semilogarithmic plot of the computed photoemission
yield spectra (solid lines) of clean Si(111) 7X 7 surfaces using the
density of states modeled in Fig. 3 with (1) N, =1.4X10'® cm ™3
and AE=0.025 e¢V; (2) N,=4X10" cm ™% and AE=0.05 eV.
The dotted curves come from Fig. 2 with the appropriate densi-
ties of acceptors.
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tion and specific electronic properties thoroughly studied
by various methods including PYS. Upon vacuum an-
nealing, the surface irreversibly transforms into a new
reconstruction at a temperature which depends on the
sample but which is never lower than about 200°C. This
new clean surface may show a (7X7) LEED diagram or
only a (1X1) pattern with background, but all the in-
gredients which make up the ordered structure are there,
that is, adatoms, dimers, stacking faults, and vacancies,
and the main features of the new surface electronic struc-
ture are always observable. Let us recall that the surface
density of filled states is essentially made of three peaks
located at the valence-band edge E,, 0.6 €V, and 1.5 eV
below E,, respectively.!® The first two are schematically
shown in Fig. 1(a) and are well observable in PYS.!’
Typical changes of the photoemission yield spectra
upon vacuum annealing of a lightly doped Si(111) sample
are shown in Fig. 5. Curve 1 corresponds to the cleaved
unannealed 2X 1 surface, given as a proof of the good
quality of the cleave. Curve 2 is typical of a moderately
annealed sample at a temperature where the 2X1—7X7
transformation occurs: such curves are obtained up to a
maximum temperature of 750°C for 3 min, or lower for
longer annealing times. Surfaces with a higher density of
defects are not as well structured around E,; and show a

Y,(.E)..vl....lﬁ.,,[.. -

1073

FIG. 5. Semilogarithmic plot of the photoemission yield
spectra, in electron per incident photon, as a function of photon
energy for a clean Si(111) 7X 7 crystal n-type doped at 4X 10 P
atoms cm ™3, (1) initially cleaved in ultrahigh vacuum, then an-
nealed for 3 min at (2) (740£15)°C; (3) (800£15)°C; (4)
(960£15)°C.
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deformed spectrum at lower temperatures. Curves 3 and
4 show the deformation of the yield spectra at tempera-
tures above 750 °C, namely, 800 °C and 960 °C, respective-
ly.

Since the low-energy threshold remains constant after
annealings, the work function does not change very much
(careful analysis shows an increase by 50 meV at high an-
nealing temperatures, ¢ being 4.6010.05 eV).

Since the three curves converge nicely in the high pho-
ton energy range, neither escape probability changes nor
ionization energy changes can be involved. Only two
possibilities remain to explain the deformation from
curve 1 to curve 3: either a change in the density of sur-
face states or a change in the density of bulk states, at
least in how they contribute to photoemission.

At low annealing temperature, as in curve 2, the tail of
filled states in the gap, from E to E,;, comes only from
surface states. If the deformation at high annealing tem-
perature were due to surface states, their density in the
gap would have to be multiplied by a factor of about 5
(see integrated effect of gap surface states at hv=E,).
Since neither LEED nor AES bring any indication that
the surface has changed, such an increase of the ampli-
tude of the intrinsic surface-state band located at E, is
not likely. On the contrary, when comparing the effect of
annealing in Fig. 5 to that of high p-type doping as shown
in Fig. 2, the curves look strongly similar. Therefore, we
attribute the deformation of the yield curves upon an-
nealing, as shown in Fig. 5, to an effect of thermally in-
duced p-type doping in the surface region within at least
the depth probed by phootoemission yield spectroscopy,
that is, at least about 50 A.

Now comparing measured spectra such as curves 3 and
4 of Fig. 5 to spectra calculated as explained in the
preceding section, the thermally induced p-type overdop-
ing can be quantitatively evaluated. We find here
(1.240.2)X 10" ¢cm™? for curve 3 and (2.2+0.2)X 10"
cm ™3 for curve 4. An example of fit, which assumes a
uniform doping throughout the depth probed, is
displayed in Fig. 6 to show its accuracy.

Many cleaves have been studied on various lightly
doped samples. The main results are as follows.

As far as we can tell, because measurements are made
when the sample is back to room temperature, the ap-
pearance of the p-type overdoping is relatively sudden,
that is, a difference of 20° between two successive anneal-
ings can make the doping pass from the low level (that is,
for t}31ese measurements, well below 10'® cm™3) to 1 X 10"°
cm™ .

The overdoping saturates always in a relatively narrow
range, from 2 to 3 X 10'° cm 3. Annealings up to 1200°C
for 7 min have been applied without significant changes.

The presence of impurities such as C, with a high
enough concentration to be detected by AES, seems to
decrease the saturation value of the p-type overdoping
around 1X 10" cm™3.

Poor-quality cleaves, as identified by the lack of sharp-
ness of the density of surface states of the cleaved surface,
have the same effect.

On the average, the work function increases by 50£25
meV from low to high doping.
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What is the origin of the p-type overdoping? There are
not many defects able to bring a high density of acceptors
in a silicon crystal: three substitutional impurities can be
considered which are boron, with a large solubility mar-
gin,’ Al, and Ga, with a bulk solubility limit barely
sufficient. Another defect must be considered too, usual-
ly extremely unstable in the bulk, which is the single va-
cancy.?

Let us consider first the cases of Al and Ga. These im-
purities cannot come from the bulk of the samples: their
density in the sample is lower than 10'* cm™3; in order to
form a layer at least 50 A thick, doped at 2 X 10 ¢m 3,
it would be necessary to empty the bulk over 1 cm, which
is unthinkable at 800°C, even if the surface were a Al or
Ga sink. Then Al or Ga would have come from outside.
This cannot be during annealings: it would be in con-
tradiction with the thermal threshold. If contamination
were continuous, surface accumulation would be ob-
served with time without annealing, which is not the
case. Therefore the p-type overdoping cannot be due to
Al or Ga.

Considering now the case of boron, the same argu-
ments hold. First, a bulk out diffusion leading to a sur-
face accumulation cannot be accepted when the boron
concentration is lower than 10 cm ™2 and the tempera-
ture 800°C, because a diffusion time of a few minutes
would not be sufficient. Second, if it were a vacuum con-

Y(E)(
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FIG. 6. Semilogarithmic plot of the calculated photoemis-
sion yield spectra. Curves 1, 2, 3, and 4 are for p-type doping at
1, 2, 3, and 4X 10" cm ™3, respectively. The dots reproduce the
experimental curve at 4 of Fig. 5.
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tamination, since the solubility of B in Si is high, the
overdoping should not show a definite saturation at most
at 3X 10 cm™3. Moreover, with time some boron
should be detected on the surface by Auger electron spec-
troscopy, which is not the case. Some B has been seen
only when the sample was heavily boron doped from the
start and only after annealings in the 1000-°C range.’°
Otherwise boron contamination is much smaller.3

We are left with the single vacancy as possible p-type
overdoping defect. The idea is interesting because it
would mean that the effect is intrinsic to the Si(111) sur-
face with no impurity involved. However, one has to ex-
plain why a very high vacancy concentration would be
stable in this surface layer, in contradiction to what is
well known in the bulk.?! It can be understood if we ac-
cept that the 7X7 reconstruction of Si(111) does not
achieve the total relaxation of the surface stress. In fact,
if a small residual compressive stress is left, the formation
of some vacancies below the surface is an elegant way to
achieve the relaxation. The 7X7 reconstructed surface
has many different local atomic arrangements which keep
strains®> and stresses.?> Our present work would then
show that a concentration of 3 X 10'° single bulk vacan-
cies per cm? over about 50 A, that is, 1.5X 10" vacancies
per cm?, completes the relaxation. Compared to the
7.8 X 10'* atoms per cm? of the ideal Si(111) surface, it
gives roughly one vacancy per 7X7 unit cell randomly
distributed close to the surface, which looks quite satis-
factory.

Of course, the relaxation can also be achieved by the
surface accumulation of substitutional impurities, the ra-
dius of which is smaller than that of silicon: it is the
reason why boron, carbon, or nitrogen are very difficult
to remove from the surface. The relaxation can also be
achieved by deposition of a suitable layer which would
lead to a less deformed silicon surface: it has been shown
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recently in the case of Ga (Ref. 23) and may be general-
ized to many adsorbed species. Adsorbed layers should
also remove the vacancy-induced p-type overdoping stud-
ied here: it is in agreement with our observation that a
slightly carbon contaminated surface needs less vacancies
to relax the residual stress.

SUMMARY

The surface space-charge region of a degenerate p-type
silicon crystal has been modelized and corresponding
photoemission yield spectra have been calculated and
compared to experiment.

Then it has been shown that vacuum annealing of clean
Si(111) 7X7 reconstructed surfaces, at temperatures
above as low a limit as 780 °C, induces a p-type overdop-
ing along a surface layer no less than 50 A thick. The ac-
ceptor concentration has been quantitatively evaluated
and shown to saturate at 3X 10!° cm™3. The effect must
not be taken as a metal-like density of surface states close
to the Fermi level since the actual surface-state structures
remain unaffected by such treatments. The p-type over-
doping is attributed to the formation of the adapted con-
centration of single vacancies, evaluated at 1 per 7X7
surface unit cell, achieving the relaxation of the residual
surface stress along the perfect 7X7 reconstruction
Si(111) surface.
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